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Abstract

Organic-inorganic hybrid perovskite solar cells (PSCs) are considered an excellent
replacement for high-cost conventional silicon solar cells. The unique optical and
electrical properties of the perovskite materials, low-cost fabrication techniques and
potential for solution processing make PSCs economically viable and scalable for large-
scale production. However, the instability of organic cations in organic-inorganic
hybrid perovskite materials presents a challenge that needs to be addressed for the
commercialization of PSCs. To overcome this, caesium (Cs) based all-inorganic
perovskite (CsPbX3 where X = Cl, Br, and I) has emerged as a more suitable alternative
due to its excellent stability under various environmental conditions and excellent

optoelectronic properties.

However, various imperfections in perovskite absorber material and its interfaces
greatly reduce the efficiency and stability of perovskite solar cells (PSCs) and retard
the practical applicability of inorganic halide perovskite. This thesis offers strategies to
overcome these issues. Two different methodologies were adopted which include the
compositional engineering and surface or post-treatment of CsPbl>Br perovskite. The
structural analysis of modified perovskite material was done by XRD and
photophysical properties were investigated by UV-Visible and photoluminescence (PL)
spectroscopy. Photoelectron spectroscopy in air (PESA) measurements were used to
analyze the valence band structure of the materials. Morphological analysis of
perovskite material was done by SEM and AFM images. XPS measurements were
performed to study the details of changes at an atomic level and bonding information.
Further, the modified perovskite material was also applied to PSC devices to see the
effects of different modifications on the photovoltaic performance of fabricated
devices. Current density voltage (J-V) measurements were performed to acquire data

for the characterization of the devices.

The compositional engineering of CsPbloBr perovskite was done by altering the
stoichiometry of CsPbLBr referred as non-stoichiometric perovskite. The non-
stoichiometric perovskite material demonstrated improved stability and better
photovoltaic characteristics compared to its stoichiometric counterpart. Afterward, the
B-site doping of non-stoichiometric perovskite was done using CuBr,. The structural,

photophysical and morphological analysis confirmed the presence of Cu?*' and
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Abstract

demonstrated that an optimal quantity of Cu?' can significantly improve the
optoelectronic properties of the perovskites. The PSC devices were prepared which

showed 15% improvement in the performance.

For post-treatment two different strategies were used, one was the surface treatment of
the CsPblLBr perovskite film with isopropanol (IPA) while another was the defect
passivation via Lewis acid base post-passivation method. The IPA treated CsPbl,Br
absorber layer showed reduced defect density and showed energetically more favorable
band alignment with the electron transport layer (ETL). The resultant PSC led to a 30%
improvement in the photovoltaic performance with reduced hysteresis. In case of Lewis
acid base passivation, the simplest amine ethylene diamine (EDA) was used. This
passivation reduced the surface trap states and prolonged the charge carrier lifetime
within the device. Consequently, the PSC fabricated with EDA passivation exhibited
significantly improved PCE (9.4%) as compared to the reference device (7.3%) under

100 mWcm™ illumination.

In addition, the concept of a hybrid energy harvester (HEH) device was also
demonstrated to collectively harvest outdoor solar and mechanical energies by a single
device. For that, perovskite solar cell with normal architecture was chosen, wherein the
perovskite absorber layer converts solar energy, while the piezoelectric properties of
ZnO nanorods served as a unit for harvesting mechanical energy. The active response
of HEH to both solar and mechanical energies demonstrates strong potential of the

proposed device and as future ubiquitous energy harvester.
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Chapter 1

1. Introduction

This chapter introduces solar cell technology, the fundamentals of perovskite
material and perovskite solar cells and their characteristic parameters. Moreover, the
literature review on caesium based lead halide perovskite as an absorber material in
perovskite solar cells, their properties, energetics, key challenges and strategies towards
commercialization are also briefly discussed in this chapter. Along with this a brief
introduction on piezoelectric nanogenerator and hybrid harvester device is also given

at the end of this chapter.

1.1. Renewables as a Source of Sustainable Energy

Global population growth and rapid urbanization have increased the global energy
demand. It is anticipated that between 2017 and 2040, the world's power demand will
rise by 58%.! A vast majority of the growing demand is coming from developing
nations, where millions of people will be lifted above low-income categories by rapidly
increasing emerging economies.” Hence, in this situation the key challenge is how to
satisfy energy demand without endangering the environment. In the past, fossil fuels
have been most widely employed for energy generation. These natural resources are,
however, finite and only available in specific regions of the world. The main concern
related to fossil fuels is global warming due to the emission of greenhouse gases like
CO; and methane. Therefore, the growing need for energy, rising CO2 emissions and
exhaustion of conventional energy sources by human society demands a safe,
inexpensive, inexhaustible, omnipresent and renewable source of energy. Until now,
many renewable energy sources including geothermal, hydrothermal, wind, tidal and

solar have been extensively used as a savior in the energy crises over a few decades.’

Among various energy sources, solar energy is considered as the most efficient and
promising one owing to its small environmental impact, low cost, and plenty of the
availability. Therefore, harnessing the power of the Sun is the most viable option to
resolve the foreseeable world’s energy crises. The solar energy released by the Sun
comprises almost 99% of the total energy on the earth.* Fig. 1.1(a) demonstrates the
comparison of renewable and conventional energy sources in which solar energy
surpasses by order of magnitude the potential of all other renewable alternatives
combined. The uniqueness of solar energy can also be estimated from the fact that

approximately one hour of continuous irradiance of solar energy can fulfill the annual
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world’s energy requirements. Additionally, in three days, the Sun provides energy that

is equal to energy stored in all the fossil fuel energy sources.
1.1.1. The Sun and Solar Radiations

A model of the Sun and its radiations assumes that the Sun is spherical and the spectrum
of its radiation is approximately equivalent to the spectrum of a black body. Its surface
has a temperature of about 6000 K due to energy produced by the nuclear fusion of
hydrogen and helium inside the blackbody. Anything with a temperature greater than
zero degree Kelvin emits electromagnetic radiation. So, the Sun lies in the middle of
the solar system and radiates electromagnetic radiation constantly. When sunlight
reaches Earth, its intensity is reduced due to the dispersion with particles and gases

which leads to a change in the spectrum.’

Figure 1.1: (a) Comparison of total reserves available for nonrenewable energy
resources to the yearly potential of renewables.’ (b) The solar radiation spectrum
from 250 to 2500 nm. (¢) The wide-ranging spectrum of electromagnetic
radiation.’

The Sun emits radiation, including gamma rays, x-rays, ultraviolet, visible light,
infrared, and radio waves. These radiations are classified based on their energy and
wavelengths. These are called spectral regions as shown in Fig. 1.1(b and c). The term

used to describe the rate at which solar energy reaches a unit area on the Earth is called
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“insolation” or “solar irradiance”. It is measured in watts per square meter (W/m?).

Solar energy can be used in two main ways one is to heat water and the other is to
generate electricity. The first method, solar thermal technologies encompass heating
liquids or water either to produce steam to drive a turbine for electricity production or
to produce hot water for domestic purpose.” But this process requires a lot of heat to
generate electricity. The second method is to produce electricity via solar photovoltaics.
This method involves a direct conversion of sunlight into electricity thus resulting in a
more effective energy storage and transportation step. Therefore, the use of energy
conversion devices (i.e., solar cells or photovoltaics) to harvest the solar energy seems

to be a favorable solution to solve the world’s energy and environmental problems.®
1.2. Solar Photovoltaic

Experimentally, in 1839 French physicist E. Becquerel was the first to convert solar
energy into electricity, he demonstrated the photovoltaic (PV) activity by observing the
voltage develops between oppositely charged electrodes dipped in an electrolytic
solution, on exposure to light.” In 1873 a similar effect (photoconductivity) was
observed in selenium by Willoughby Smith and the first design of a cell based on
selenium wafer was proposed by Charles Fritts in 1883. Afterward, Albert Einstein
proposed the theory of the photoelectric effect in 1905 which explains how the electrons
are knocked out from the metal surface by light. In 1918, Jan Czochralski develops a
method for the growth of single-crystal silicon (Si) and set the foundation of Si-based
solar cells. While the birth of PV occurred in 1954 after the fabrication of crystalline
Si-based solar cell in Bell lab, USA with a power conversion efficiency (PCE) of 4.5%.

They found that silicon is a more efficient absorber material compared to selenium.®

1.2.1. Evolution of Solar Cells

Since the discovery of solar cells in Bell Labs, scientists have been enthusiastically
investigating low-cost materials and device technologies exhibiting the PV effect and
hence opening up new perspectives for the commercialization of solar cells. Several
solar cell technologies exist today and can be categorized based on absorber material
(Fig. 1.2) and cost as well. The solar cells are traditionally categorized into three

generations as given below:
1.2.1.1. First-Generation Solar Cells

The first-generation solar cells are well-developed in terms of their fabrication process


https://www.sciencedirect.com/topics/engineering/photovoltaic-effect
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and technology. These are the oldest commercially available PV technologies and are
based on silicon wafers. The device is typically a p-n junction. The first generation is

further subdivided into two categories:

1. Mono crystalline silicon solar cells

ii. Poly crystalline silicon solar cells

Mono crystalline silicon solar cells achieve an efficiency of 21-22% in real-world
modules. Although these solar cells have high efficiency and lifetime, but the
fabrication process requires high-budget, labor input and sophisticated technology. So,
the high production cost gives rise to the use of poly-crystalline silicon solar cells in
which many silicon crystals are connected to form a single device. Moreover, silicon is

an indirect bandgap material, so a thick layer of silicon is required to absorb sunlight.!

Figure 1.2: Classification of solar cells into different generations.
1.2.1.2. Second-Generation Solar Cells

The low absorption coefficient and indirect band gap of silicon solar cells led to the
development of second-generation solar cells. These are thin film solar cells and are

further classified as:

1. Amorphous silicon (a-Si) solar cells
1i. Cadmium telluride (CdTe) solar cells

iii. Copper indium gallium selenide (CIGS) solar cells
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These materials have excellent PV properties thus viable to use 1 um thick film
compared to ~300 um of crystalline silicon thus it’s a low-cost technology. Moreover,
low temperature for fabrication offers the potential of utilizing flexible substrates. A
commercial PV module made from silicon with an efficiency of ~ 4 - 8% is unstable
while in the case of CIGS type solar cells efficiency is ~ 21% but it's limited lifetime
and complicated module technology made its commercialization difficult.!" Whereas
the second largest commercial technology after silicon is CdTe having an efficiency of
~14%. However environmental hazards and toxicity associated with Cd are the main
issues related to this type of solar cell. Thus second-generation solar cells could not

partake profitable market owing to instability and technological faults.!?
1.2.1.3. Third-Generation Solar Cells

The early 1990s came up with the evolution of the third generation of solar cells, a
potential replacement for 1st and 2nd generations but have limited commercial success.
This technology uses organic materials such as dyes, conjugated polymers as a light
absorber and charge transport material and embrace a wide range of different

generations i.e.

1. Organic solar cells

ii. Dye-sensitized solar cells (DSSCs)

Organic and DSSCs with an efficiency approaching 20% and 11.9% respectively use
inexpensive materials and offer large-scale production. Although these solar cells have
low efficiency, but their low production cost and plausible real word applications such

as portable electronics and clothes make them more appealing.!!

Even though these solar cells have many advantages, their low stability and poor
efficiency urge scientists to find new PV technology that has a combination of low cost
and high efficiency. With substantial efforts of researchers in developing novel
perovskite materials and improved device design the PCE of perovskite solar cells
(PSCs) has shown an appreciable rise from 3.8% in 2009 to 25.8% in 2022 in single
junction solar cells.”> This improvement can be attributed to the favorable
characteristics of PSCs, such as a high absorption coefficient, direct bandgap, long
charge carrier diffusion length, and a high defect tolerance. Subsequently among all
these technologies, organic inorganic hybrid (OIH) PSCs are the most promising and

reliable for third-generation technology having an efficiency of 25.8% and are expected
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to reach 50% in the future.'*!> These findings became even more exciting by

considering their rapid progress in comparison to other PV technologies.'¢
1.3. Origin of Perovskite Semiconductor

Gustav Rose in 1839 first discovered this mineral and is named after Russian
mineralogist Count Lav Alelseevich Perovski. Perovskite has a general formula of
ABX3 with a crystalline structure similar to calcium titanium oxide (CaTiO3) shown in
Fig. 1.3. The structure comprises of cubes, with A representing the larger cation
positioned at the middle of the cube, B representing the metal cation occupying the
corners, and X representing the halide anion situated at the center of the edges. Even
though perovskite material was first reported in the nineteenth century, only in the last

decade these materials have been successfully utilized in solar cells.

Figure 1.3: Cubic crystal structure of ABX3 metal halide perovskites.!”

The flexibility in composition allows all elements from the periodic table to be used in
perovskite compounds and results in a wide range of optical, electronic, and magnetic
properties. Perovskite material used in solar cells usually has methylammonium (MA),
formamidinium (FA), ethylammonium (EA) or caesium (Cs) as an A cation. B*" is a
bivalent metallic cation (Sn**, Pb%*, etc.) and X" is a monovalent halide anion (CI", Br,
I'). Generally, the “B” cation is surrounded by six X forming a BX¢ octahedra, creating
a three-dimensional framework. “A” cation, typically bigger than “B”, balances the

charges and fills the interstitial sites between the octahedra.



Chapter 1 Introduction

The structural diversity of perovskite material helps us to alter the electrical and optical
properties as well as the bandgap of the material.!” The ability of the dynamic octahedra
to tilt within its corner-sharing network causes perovskites to consistently display a rich
structural diversity. Usually, a perovskite material exhibits three different phases, cubic,

orthorhombic and tetragonal.

Figure 1.4: (a) Structural designs for metal halide perovskites stated with tentative
tolerance factor (t) value.'® (b) t value of different ABX3 perovskite.!”

The crystal structure of perovskite can also be determined by tolerance factor (t)

introduced by Goldschmidt in 19262° that is:

ra+ryx

N T (-1

Here ra, 1, and rx represents the ionic radii of monovalent cation (organic/inorganic),

bivalent metallic cation, and monovalent halide anion respectively.?!

The perovskite crystal structure stability depends upon the size of monovalent cation

A" and the correlation between cation A* and corner-sharing atom BXe*. The t value
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predicts the stability and phase of perovskite crystal. If the t value is between 0.8 and
1.0 the resulting phase will be cubic, also known as the black or a-phase. When t
exceeds 1, a non-perovskite phase with a hexagonal structure will form. On the other
hand, if t is greater than 0.7 but less than 0.8, the resulting phase will be either
orthorhombic or rhombohedral, also referred as the yellow or §-phase.!®*** Fig. 1.4 is
showing structural designs for metal halide perovskites with their tentative tolerance

factor (t) value and t value of different ABX3 perovskite.

Likewise, the thermal expansion in perovskite crystal will cause the internal bond
lengths to change at different rates, which will force a continual change in the volume
of a unit cell. This thermal response results in a constrained temperature range wherein
a stable perovskite phase might form for each particular composition. For instance, the
typical non-perovskite to perovskite phase transition temperatures of CsPblz and
FAPbI; perovskites are higher than RT; >315 °C for CsPbls and >125 °C for FAPbI.
On the contrary, the MAPDI; is stable at room temperature owing to its appropriate
tolerance factor. The comparatively high phase transition temperatures of CsPbl; and
FAPDbI; make the stabilization of optically active cubic phase a significant ongoing
problem in the field.?>?° Alternately, adding smaller cations to the B-site alloy, such as
Sn?" or Mn?*, can help in lowering the tolerance factor and developing a room

temperature stable perovskite crystal.?’

Moreover, the octahedral factor (i) was introduced to access the adjustment of bivalent

metallic cation B into octahedron Xs.2® The octahedron factor () is:

B
_ _B 1.2
U= " (1.2)

Here rg and rx are the ionic radii of the bivalent cation B and monovalent halide X. The
t and p define different arrangements of the A, B, and X for perovskite. For a stable
perovskite structure, the t and p should be in the range of 0.81 <t <1.11 and 0.41 <p
< 0.90 respectively. To date, the discovered perovskite, exhibit a wide variety of band
gap from MAPDbLCl; (3.1 eV), MAPDbBr3 (2.3 eV), MAPbDI; (1.6 eV) and MASnI; (1.1
eV). Likewise, by altering the chemical composition of A (MA*, FA*, Rb", Cs" etc.)
cations and X (I, Br', CI etc.), anions it is possible to tune the band gap.?’ Moreover,
by preserving the composition of perovskite but varying quantum confinement, one can

also accomplish the same objective. All these adjustability and flexibility make this
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semiconductor material suitable for PV and other sophisticated optoelectronic devices

such as photo detector’?, light-emitting diode’! and laser* etc.
1.3.1. Benign Properties of Perovskite Semiconductors

Halide perovskites exhibit a variety of unique properties shown in Fig. 1.5 that
distinguish them from other materials. These properties include high absorption
coefficient and small Urbach energy, long charge carrier diffusion length, significant
defects tolerance and low cost. These unique properties make halide perovskites highly
promising for a wide variety of applications in optoelectronics and other fields. A brief

description of these properties is given below:

Figure 1.5: Outstanding characteristics of the halide perovskite material.3
1.3.1.1. High Absorption Coefficient and Small Urbach Energy

Perovskites have an absorption coefficient that is even higher than the conventional
semiconductors, which drastically minimizes the thickness of the absorber layer to 500
nm. Besides that, a small Urbach energy for perovskite also implies that it is an
excellent semiconductor having negligible deep trap states.** All these unique

characteristics of perovskites empower the excellent performance of PSCs.
1.3.1.2. Long Charge Carrier Diffusion Length

Perovskite exhibits a significantly longer charge carrier diffusion length compared to
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other semiconductors, which make it an excellent choice for use in high-performance
devices. Contrary to organic semiconductors, long charge carrier diffusion length of
perovskites makes them suitable for a planar hetero-junction with selective charge
transport layers. This allows the direct integration of the perovskites between an n-type
and p-type layer, results into the development of planar p-i-n or n-i-p architecture with
an efficiency equivalent to the mesoporous architecture, along with the benefit of low-
temperature fabrication. Thus, the triumph of a planar architecture PSC is not only due
to high absorption coefficient of perovskite but also due to excellent charge carrier

transport.
1.3.1.3. Unique Defects Physics

One of the numerous distinctive characteristics of perovskite is its significant tolerance
to defects. According to theoretical calculations, the intrinsic defects in perovskite
generate only in shallow levels, which is in accordance with the small open circuit
voltage (Voc) loss and long charge carrier diffusion length in PSCs.>> These shallow
level defects also offers the opportunity to use the material as an effective material for

solar cells since these defect slightly contribute in non-radiative recombination.
1.3.1.4. Low Costs

At low temperature, high-quality perovskite crystals could be synthesized because of
the low energetic barrier for crystal growth. The ability to process perovskite materials
at low temperatures guarantees the scalability of the PSCs for large-area devices,
particularly in high-output processing techniques like the roll-to-roll approach. As a
result, the fabrication cost is substantially reduced but still need to maintain high
performance.®® All these incredible properties make perovskite an excellent
semiconductor absorber material with low cost that has not been detected in any other

semiconductors (Si, GaAs, CdTe, CIGS) featuring high performance.
1.3.2. Perovskite Film Deposition Techniques

The high-quality, perovskite thin film is a main prerequisite to attain high PCE.
Therefore, numerous researchers put a lot of effort to control the film morphology and
hence increase the quality of perovskite film. The morphology of the perovskite film
was regulated by optimizing numerous factors like deposition techniques, annealing
temperature, environmental conditions, initial material composition, solvent

engineering and use of various additives. Till now, there are five deposition techniques
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for the deposition of perovskite film, a schematic illustration of these deposition

methods has been given in Fig. 1.6.
1.3.2.1. One-Step Deposition

The one step deposition process is the most widely employed deposition process for
PSC manufacturing because of its simple and easy processing. This process involves
the mixing of perovskite precursors in a suitable solvent (DMF, NMP, DMSO and GBL)
to get a clear solution. Then, the precursor solution is spin-coated or drop-cast on a p-
type or n-type substrate to form a film of the perovskite material. After deposition
annealing is also required to complete the formation of desired perovskite structure.?’

One-step deposition for thin film deposition is shown in Fig. 1.6(a).

Figure 1.6: Different techniques for the deposition of perovskite layer, (a) one-step
deposition, (b) two-step deposition, (c¢) in-situ dipping method, (d) dual source
thermal evaporation and (e) vapor assisted deposition.

1.3.2.2. Two-Step Deposition

The two-step deposition process involves the step-wise formation of the precursors
layers to improve the morphology of the perovskite layer (Fig. 1.6(b)). In this method,
precursors are dissolved separately to form a solution. The first step involves the spin
coating of precursor solution on a substrate followed by annealing to obtain a thin film

of perovskite precursor. In the second step, the solution of the second perovskite
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precursor is spin-coated on an already deposited film of the first precursor to start the

perovskite crystallization reaction.*®
1.3.2.3. In-Situ Dipping Method

The rough texture of perovskite films due to rapid crystallization and low viscosity of
perovskite precursors leads to devices with poor performance. Therefore, the deposition
of the pinhole-free and compact film is still a challenge for researchers. To resolve this
issue new methods are being employed for the fabrication of PSCs. In-situ dipping
reaction is one of them (Fig. 1.6(c)). This process involves the formation of PbX> by
spin coating followed by immersing the coated substrate into the solution of AX in IPA

and then heating it to form a perovskite film.*
1.3.2.4. Vapor-Assisted Deposition

Vapor-based or vapor-assisted coating techniques are also widely used in addition to
solution-based deposition techniques to improve the morphology and surface coverage.
In 2013 Liu et al. first introduced the dual-source deposition technique in which both
precursors for perovskite (AX and BX>) were loaded into two different evaporation
boats as shown in Fig. 1.6(d).*® Extremely uniform perovskite films are produced by
co-evaporating these sources by precisely adjusting their evaporation rates with the aid
of two sensors. On the contrary, this is a high energy-consuming procedure owing to its
need for high vacuum (~ 107 mbar) at very high temperatures. Later on, Yang et al.
introduced a vapor-assisted deposition technique to deposit perovskite film (Fig.

1.6(e)). It combines vapor and solution coating techniques.*!

The fabrication techniques previously addressed are mostly focused on the fabrication
of uniform, pinhole-free solar cells. Other environmental factors like humidity,
temperature, and solvent preference also play an important role. More innovative
methods for improved interfaces and grain size might have a significant impact in
developing a uniform pinhole-free film with higher crystallinity to enhance the stability
and performance of devices. Additionally, lab-scale device fabrication methods should
be well-established and directed towards the development of large-scale fabrication
methods. The optimization of these methods must be actively pursued in order to

advance perovskite technology towards the commercialization stage.*?
1.4. PSCs Architectures:

Apart from modifying the perovskite composition different device architectures have

12
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also been analyzed. PSC structure commonly contains an absorber layer (i-layer) which
is inserted between hole transport layer (HTL) and electron transport layer (ETL).
Generally, working of PSC comprise few steps which involve the absorption of a
photon by the perovskite absorber layer, followed by the production of excitons which
are then dissociated into electrons and holes either into the perovskite layer or at the
heterojunction interface. Subsequently, photogenerated charge carriers are transferred

via HTL and ETL to an external circuit to generate electric current.

PSCs are classified into two categories n-i-p or normal and p-i-n or inverted based on
which charge transport layer (CTL) encountering by incident light first. It can be
classified as mesoscopic or planar based on the structure. It is termed as a mesoscopic
device when a mesoporous material is utilized, and a planar device when the layers
are thin films. Fig. 1.7 displays the various PSC architectures, standard mesoscopic
(Fig. 1.7(a and d)) and planar (Fig. 1.7(b and c¢)) device architecture in normal
configuration (glass/FTO/TiO2/ perovskite/HTL/Au) and in inverted configuration
(glass/ITO/HTL /perovskite/ETL/Al).

Figure 1.7: Different architecture of PSC device, normal (a) mesoscopic and (b)
planar, inverted (c) planar and (d) mesoscopic.'

1.4.1. Mesoporous Architecture

The DSSC gives rise to the mesoporous architecture of the PSC, where the sensitizer
material is present within the pores of a mesoporous layer.* In DSSC liquid electrolyte
is used which is an obstacle towards stability, this issue was resolved by the fabrication
of solid-state perovskite materials. In contrast to the Si solar cells where transport of
holes and electrons occurs through the same material, in mesoporous architecture CTL

either transport holes or electrons.
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1.4.2. Planar Architecture

In planar architecture, a mesoporous scaffold is removed, which leads to an advantage
of a low-temperature production method that makes it more flexible for application in
flexible substrates and tandem solar cells. Additionally, it makes possible to use various
synthetic methods and interfacial modification to develop devices with improved
performance.** However, the characteristics of the perovskite film are one of the main
obstacles as it, governs several aspects, such as exciton dissociation, charge transport
and diffusion length.**¢ These structures are further divided into regular (n-i-p) and
inverted (p-i-n) configurations. The n-i-p configuration consists of a conductive
substrate on which an n-type ETM is deposited, followed by a perovskite layer and a
p-type HTL with a metal electrode on it. While in an inverted configuration, the
perovskite layer is deposited on the HTL layer. However, the planar structure has a
problem of trap-assisted non-radiative recombination which impair the device
performance.*’* According to several studies, the inverted configuration minimizes the
hysteresis in PSCs and the quest for efficient and stable devices headed the researchers

to explore the inverted architecture.*™!

1.4.3. Charge Transport Materials
1.4.3.1. Hole Transport Materials (HTMs)

A basic PSC architecture comprises of light absorber material and CTLs to transport
generated electrons and holes. For efficient transfer of holes, HTM is required with an
electronic property of high mobility and low resistance and it should have higher
valence and conduction band edge compared to the perovskite layer for electron
rejection and efficient hole extraction. In PSC, both inorganic and organic HTMs have

been used as given in Table 1.1.
1.4.3.2. Electron Transport Materials (ETMs)

The ETL is necessary for a smooth transport of electrons to the electrode, the ETM
must have a wide bandgap, good mobility, and compatible band alignment with
perovskite material for efficient transfer of electrons. In addition to good antireflection
properties, it should have compact morphology and pinhole-free film to prevent direct
interaction with the transparent conducting oxide (TCO). Commonly used ETMs are

given in Table 1.1.
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Overall CTLs play a vital role in PSC device as it directly impacts the device stability
and performance. An appropriate CTL could increase the reliability of charge

transportation, reducing recombination and could modify itself with different dopants.

Table 1.1. Summary of notable ETMs and HTMs in PSCs.

Device architecture ETM HTM Ref.

SnO2/PCBM/perovskite/ FBT-Th4:CuxO SnO» FBT-Th4: Cu,O >

Sn02/MAPbI3.xCly/ SpiroMeOTAD SnO; SpiroMeOTAD 3
ZnO/MAPbI3/ SpiroMeOTAD ZnO SpiroMeOTAD >
CdSe/MAPbI3/Spiro-MeOTAD CdSe SpiroMeOTAD ~ *°
MoS2/MAPbI3/Spiro-MeOTAD MoS> SpiroMeOTAD 3¢
WO3/MAPbIz<Cly/ SpiroMeOTAD WOs SpiroMeOTAD %7
¢-TiO2/m-ZrO2/MAPbI3/C ZrO» 58
Fe203/PCBM/MAPbI3/ SpiroMeOTAD FeO3-  SpiroMeOTAD ¥
PCBM
m-TiO2/MAPbI3/ SpiroMeOTAD TiO> SpiroMeOTAD ¢
¢-TiO2/MAPbI3.«Cl,/P3HT TiO» P3HT ol
TiO2/Perovskite/CuSCN TiO; CuSCN 62
CoOx/MAPDI:/PCBM PCBM CoOx 63
PEDOT:PSS/Perovskite/PCBM PCBM PEDOT:PSS 64
NiOx/Perovskite/PCBM/TiOx PCBM NiOx 6
Co1.yCuyOx/Perovskite/PCBM PCBM Co1-yCuyOx 66
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PTAA/MAPbI:/PCBM/BCP PCBM PTAA 67
PEDOT:PSS/Perovskite/PCBM PCBM PEDOT:PSS 68
CuOx/MAPDI3/Cs0/BCP Ceo CuOy 69

1.5. Working Principle of Perovskite Solar Cells

A simplified working of PSCs encompasses the transmittance of incoming light from
TCO followed by absorption by the absorber perovskite layer. Owing to the high
absorption coefficient and low exciton binding energy of perovskites, almost 100% of
the incident light is absorbed by the perovskite layer with a thickness of less than 500
nm. After photon absorption free carriers or exciton are generated within a timescale
ranging from a few femtoseconds to picoseconds.”® Then the free charge carriers moved
in the perovskite layer by diffusion. This activity usually, requires several
nanoseconds.*”! Owing to the large charge carrier diffusion length of perovskite films
the charge carriers are further transported to their related interface contacts. During this

process numerous unwanted processes may occur as shown in Fig. 1.8.

Figure 1.8: The charge transport and recombination processes in PSC and the
corresponding timeframe.”?

The remaining electrons and holes can pass through their respective interface and will

be extracted at the electrodes, several microseconds are required for this process.’”?
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Finally the charge carriers are transported to an external circuit to produce electricity.
Various charge transport and recombination processes in PSC and the corresponding

timeframe are schematically described in Fig. 1.8.
1.5.1. Charge Generation

Upon photoexcitation, the early-stage process is charge generation.”>’* When a photon
having energy equal to or higher than the E; interacts with valance band electrons
results in the excitation of charges to form free carriers or excitons. Some carriers
jumped from energy positions higher than the valance band maximum (VBM) and
conduction band minimum (CBM) to high energy sub-bands creating hot carriers (Fig.
1.9(a)). Then after electron-phonon interactions, these hot carriers relax to the VBM or
CBM. Apart from intra-band transitions, sub-band relaxation can also happen when
numerous sub-bands are present and charge carriers are excited by high-energy

photons.”
1.5.2. Charge Transport and Recombination

The free charge carriers must undergo transport processes to be extracted by CTL and
collected at an electrode, where a dynamic competition occurs between the
recombination and transport process.’®”’” An important property of perovskites is its
long charge carrier diffusion length. This remarkable feature surpasses the absorption
depth, thus recommending efficient charge collection.”® The movement of electrons and
holes within perovskites is directly associated to the effective masses of holes and
electrons. The electron mass of perovskite (0.2me) is low and very close to standard
GaAs, semiconductor.”” The free charge carrier decay can be explained through

equation given below:

= —kyn®—kyn?—kyn? (1.3)

where k is the rate constant related to trap-related recombination (monomolecular
recombination), rate constant k, is correlated with band-to-band recombination
(bimolecular recombination) and rate constant k3 is associated with Auger
recombination which is related to charge-carrier density. All these recombinations (Fig.
1.9(b)) participate in total charge recombination. The rates of trap-assisted
recombination in perovskite films vary from tens to hundreds of nanoseconds, and is

significantly influenced by the processing conditions. The electronic band structure
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affects Auger recombination. The additional bands in perovskite due to the spin-orbit
coupling resulted in a high Auger recombination rate constant ((0.2-1.6) x1028 cmSs™")
which is significantly higher than GaAs. Though it might be a problem for their

application in laser but it would not affect their application in photovoltaics.

Figure 1.9: (a) Schematic of charge generation, relaxation, and sub-band
transition in the perovskite absorber material.”? (b) Schematic illustration of three
different recombination processes in perovskite.?

1.5.3. Charge Extraction

For efficient extraction of charge carriers from the perovskite layer, careful selection of
the corresponding CTL is important. Moreover, these CTLs should have favorable
alignment of energy levels to the VBM and CBM of the perovskite respectively. The
Voc of the PSC depends on the energetics of the transporting layers and the radiative
recombination of the perovskite.®! Additionally, unbiased charge extraction at interfaces

plays an important role in optimizing the device's performance.
1.6. Solar Cell Characteristic Parameters

Here in this section, the solar cell characteristics parameters that are required to explain
the current density-voltage (J-V) curves of the solar cell will be illustrated. The
characteristic J-V curve of a solar cell is mainly the graphical illustration of the
operation of a PV cell or module that summarizes the correlation between the current
and voltage at given conditions of temperature and irradiation thus giving a detailed
explanation of its output performance. Therefore, knowing the J-V characteristics (most
importantly Pmax), of a solar cell is necessary to find out the device efficiency. As shown

in Fig. 1.10(a) solar cell behaves like a diode. The comprehensive detail of the electric
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response of a PV cell can be obtained through an equivalent circuit diagram (ECD).
The ECD of an ideal solar cell is simply a diode coupled to a light source but usually,
it incorporates both series resistance (Rs) and shunt resistance (Rs) (Fig. 1.10(b and
¢)). The important parameters required to explain the PV characteristics of a solar cell

are given below:

Figure 1.10: (a) Solar Cell characteristic J-V curve.?? (b) Equivalent circuit
diagram ideal (c) typical solar cells.®?

1.6.1. Open Circuit Voltage (Voc)

A Voc is the maximum achievable voltage output of a solar cell. This corresponds to a
voltage at which no current will flow through the circuit. It depends on the charge
carrier recombination and semiconductor band gap. Generally, Voc changes according
to the current produced through the light source and the saturation current density of
the PV cell. Though the photocurrent produced by incident photons (Jph) has a minor
variation, the major effect is because of the saturation current. So Voc 1s a measurement

of the amount of recombination in the solar cell due to the saturation current density.
1.6.2. Short Circuit Current (Isc)

The Isc corresponds to the highest current produced by a solar cell under illumination
when V=0. At this condition, no power will be produced. For an ideal device, Isc = Ipn

but various factors can lower the value of Isc from its ideal value. To represent the
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behavior of PV cell I is generally not suitable as current depends on area. Hence, the
current density is used as an alternative to I and is represented as:

Isc

Jsc = y

(1.4)

Where A represents the area of a solar cell.
1.6.3. Maximum Power Output (Pmax)

Pmax is the maximum power that can be obtained from the solar cells and is marked in

Fig. 1.10(a). It can be explained as a point at which the product of J and V is maximum.

Brax = Jmasx Vimax (L.5)

Due to the resistance in a device and recombination losses, Vimax and Jmax are always

lower than Voc and Jsc.
1.6.4. Fill Factor (FF)

FF is the ratio between maximum obtainable power from a solar cell and the product
Jsc and Voc. In an ideal case, the value of FF is ~1. Usually, the difference arises from
internal losses as described earlier. Generally, FF provides a comparison between the

real solar cell efficiency to the ideal cell efficiency. It is represented as follows:

(]max -Vmax)
FF = —/—— 1.6
UscVoc) (16)

It shows the closeness of Jmax and Vimax to the Jsc and Voc. Solar cells with higher Jsc

and Voc and lower FF suggests that a fault is present, and device needs to be improved.
1.6.5. Power Conversion Efficiency (PCE)

The PCE is defined as the ratio between the maximum power generated by a solar cell
and the power incident on the solar cell. Apart from reflecting the solar cell performance
the PCE is affected by the temperature of the solar cell and the intensity and spectrum
of the incident light. The terrestrial solar cell is measured under AM 1.5 and a

temperature of 25 °C. The mathematical expression representing the PCE is:

P FF.JscV
PCE = out _ (FF.JscVoc) (1.7)

in Pin

where Pin is the power absorbed by sunlight. Efficiency is normally taken in

percentage.®?
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1.6.6. Incident Photon Conversion Efficiency (IPCE)

It is the ratio between no. of incident photons and the no. of photogenerated charge
carriers generated by a solar cell at a specific frequency. This efficiency is also said as
Quantum Efficiency (QE) or 'External Quantum Efficiency (EQE). Losses from

recombination, scattering, and reflection are also considered by IPCE.

Nph
[PCE= —BRotons (1.8)

charge

1.6.7. Series Resistance (Rs)

The Rs is the consequence of contact resistance. It lowers the fill factor which affects
the PCE of the solar cell. It depends upon the current passing through the device, the
contact resistance of the electrode and the resistance between the device active area and
metal electrodes. A minimal Rs is preferred for the best performance of PV cells. With
a high value of Rs, the probability of charge carrier recombination increases which

lowers current density and consequently, solar cell efficiency.
1.6.8. Shunt Resistance (Rsh)

The low shunt resistance provides an alternating current for the photogenerated power
thus resulting in a significant power loss. The shunt resistance minimizes the chances
of unnecessary current paths which leads to the charge carrier recombination before
collection. Therefore, Rsy should be high for an efficient solar cell. A slight change in
Rsh puts an unfavorable impact on the Voc, FF and device's efficiency. Fig. 1.11 shows
the impact of shunt and series resistance on the [-V curve of a solar cell. To maximize

the solar cell performance Rsn is to be infinitely large and Rs to be zero.®*

Figure 1.11: The impact of shunt and series resistance on the I-V curve of solar

cell.34
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1.7. Inorganic Caesium Lead Halide Perovskites for PSCs

The application of OIH perovskites in PV devices was first reported in 2009 by
Miyasaka’s group.®® Since that time, interest in perovskite material has increased due
to its broad absorption spectra, high carrier mobility and high extinction coefficient.*>-%
But, the organic component in perovskite is highly volatile, hygroscopic, and inclined
to thermal degradation.®” This led to a question in the scientific community “Is the
organic cation compulsory to achieve high-quality PSCs?” This question is answered
by Kulbak et al. by the substitution of the polar organic components in perovskite with
non-polar (Cs") component and the resultant caesium lead halide perovskite (CsPbX3)
have more stability.®® Moreover, the partial substitution of organic component (MA/FA)
with inorganic cation (Cs") also improved the thermal stability of the perovskite phase
in a wide range of temperatures by favorably tuning the t value.®** Currently, all-
inorganic perovskite (i.e., where a Cs™ completely replaces the organic component) is
an ultimate way to diminish the problem of chemical decomposition and air stability
without compromising the characteristics of PV materials. CsPblz perovskite first
synthesized by Wells et al. has a perfect combination of thermal stability, band-gap and
absorption coefficient for applications in PV devices.”® Generally a material with an
ideal cubic structure has a t value of 0.9-1.0. Regrettably, the Cs" cation in CsPbls is
too small for a stable cubic phase at ambient temperature and the photoactive cubic
phase of CsPbls (a-CsPbls, Pm3m) with a t value of 0.81 is only stable above 320 °C
which revert rapidly to yellow non-perovskite phase (y-CsPbls, Pnma). The PCE of
PSC with y-CsPbl; did not surpass 0.09%.°! Thus one of the most challenging tasks in
utilizing CsPblz in PSC is to stabilize its photoactive cubic phase under ambient
conditions.” In 2015 opening the way towards PSC containing inorganic perovskite
material Eperon et al. revealed that y-CsPbls could be converted into the a-CsPbl; at
100 °C by the addition of HI in the perovskite precursor solution.’?

Fig. 1.12(a and b) depicted the structure and absorbance spectra of both phases v,
orthorhombic (band-gap of =2.82 eV) at ambient temperature, and o, cubic (band-gap
of =1.73 eV) at T > 300 °C or 100 °C with HI. The resulting PSC with the CsPbl;

absorber layer demonstrated a PCE of 1.7 for inverted and 2.9% for the regular devices.

Considering these results, Hu et al. use the one-step deposition method to further
stabilize the photoactive phase of CsPbls at ambient condition by partially replacing the
Pb?* (1.19 A) with Bi** (1.03 A) which increases the t value from 0.81 (a-CsPbls) to
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0.84 (0-CsPbi«Bixl3).** The possible mechanism for the a-CsPbl; stabilization by HI
or Bi*" addition is given in Fig. 1.12(c). Moreover, the addition of chloride precursor
in the MAPbI; precursor solution increases its air stability.”> Motivated by this fact,
Dastinar et al. enhanced the stability of CsPbls nanocrystals by introducing chlorine as
a dopant.”® Afterward the colloidal nanocrystals of CsPbl; «Cly perovskite were
synthesized and applied as a thin film in PSC.°’ The doped film showed improved phase

stability under humid conditions.

Figure 1.12: a) Structure and b) absorbance spectra of yellow and black phase of
CsPbls perovskite thin films.”* (¢) Possible mechanism for HI or Bi** addition to
stabilize cubic (black) phase of CsPbl3.*

In addition, CsPbBr3 perovskite (completely replacing the I with Br) is a potential
material for stable PSC but its efficiency is limited owing to its relatively large band
gap.”® Due to the limited solubility of Cs precursors used for the CsPbBr3 synthesis, it
is difficult to adapt the conventional solution process method for the fabrication of

perovskite devices.” The dilemma related to solution processing for the CsPbBrs,
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owing to the limited solubility of the precursor’s salts, was resolved by Protesescu et
al. using the two-step process.’’ Based on these observations Sutton et al. demonstrated
that this process could be reduced to a one-step solution process method by partially
incorporating Br in CsPbl3.!?” Thus, CsPbls structural stability was enhanced by
choosing the appropriate ratio of the mixed halide in the perovskite material. Among
various CsPbX3 perovskite, CsPbloBr presented a trade-off between phase stability,
band gap and efficiency and become a promising material as inorganic perovskite
absorber material for PV applications. Two different types of device configurations
were reported based on m-TiO, (mesoporous) and cTiO> (compact). Planar devices
exhibited the highest PCE of 9% with an average efficiency of 6%. After these exciting
results of CsPbl,Br Kennedy et al. further characterize the CsPbl2Br perovskite through
excited-state diffusion and ultrafast recombination dynamics.!”! Considering these
outcomes Nam et al. used different annealing conditions that cause significant changes
in the surface morphology and PV characteristics. They fabricate CsPbloBr perovskite
films by the solution-processed method using a one-step spin-coating technique
followed by annealing at a temperature range from 100-350 °C. '* Sutton et al.!®
Niezgoda et al.!* executed experiments in the glovebox to prevent moisture and air that
might have remarkable impact on crystal growth and decomposition of perovskite.
Thus, by using the best annealing conditions, highly effective planar PSCs with the
configuration of glass/FTO/Ti02/CsPbl2Br/spiro-MeOTAD/Au were fabricated and the
champion device exhibited a Voc of 1.23 V and a PCE of 10.7%.

1.8. Properties of Caesium Lead Halide Perovskite Materials

Theoretical calculations to determine the electronic structures of CsPbX3; have
demonstrated to be highly useful in predicting their optoelectronic properties. Based on
theoretical calculations it was determined that in CsPbX3 perovskites, the electronic
structures have qualitatively revealed the same features for different halide
compositions. Golibjon R. et al. stated by using DFT calculations that when organic
cation is substituted by inorganic Cs”, the optoelectronic properties of both OIH and
CsPbX; perovskites remain unaffected.!® Nicholas et al. were the first to analytically
studied the basic properties of Cs lead halide perovskites, such as its dielectric
screening, reduced mass (1), exciton binding energy (R*) and phase transition via low-
temperature magneto-transmission spectroscopy. For CsPblz, CsPbBr; and CsPbl,Br

the temperature-dependent transmission spectra (Fig. 1.13(a-c)) were examined at the
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temperature range from 4.2 to 270 K. Bandgap tuning by replacing the heavier halide
atom in the perovskite lattice was highlighted by a red shift in absorption energy from
CsPbBr; to CsPbls via CsPbl:Br, which is closely related to experimental results.'%
Fig. 1.13(d) shows bandgap absorption energy with temperature. The bandgaps display
a well-shaped monotonic temperature dependency, indicating the presence of cubic
perovskite phase of CsPbX3 even at cryogenic temperatures. This is in contrast with
OIH perovskite where an increase in the band gap is observed corresponding to the
phase change by a change in temperature. This remarkable phase stability of CsPbX3

will serve as a foundation for making stable and durable PSCs.'"’

Figure 1.13: (a-c) Transmission-spectra of CsPbX3 as a function of temperatures
vs bandgap absorption energies. (d) 1s transition energy vs temperature. (e)
Effective dielectric constant (geff), effective mass (n), and binding energy R* vs
bandgap'?’ while green spheres represent another experimental result.'%

All-inorganic perovskites' exciton binding (R*) energy of CsPbl; is comparable to
MAPDI; but for CsPbloBr and CsPbBr3 it increases which demonstrated that by the
incorporation of heavier halide, the free carrier R* increases in perovskite lattice.!?!:1%7
The experimentally determined values of "geff," " p " and "R*" for CsPbX3 perovskites
(Fig. 1.23(e)) showed that by increasing the value of bandgap the carrier effective mass

also increases.
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1.9. Stability of Caesium Lead Halide Perovskite Materials

A PSC must produce long-lasting PCEs for commercial usage and industrial
requirement. The OIH perovskite semiconductors degrade quickly in the presence of
continuous illumination, moisture or heat. CsPbX3 perovskites have shown enhanced
stability towards light and heat but are still vulnerable to moisture. The phase, thermal

and light sensitivity of CsPbX3 perovskite is described in the subsequent section.
1.9.1. Phase Stability

The unwanted thermodynamic phase change in CsPbX3 perovskite is still one of the
obstacles, hampering the progress and commercialization of high-performance devices.
It is possible to improve the phase stability of these perovskites either through doping
directly into the perovskite layer or by modifying the perovskite grain size.!” In terms
of doping, there are three feasible approaches that might be employed to clarify the
resultant microstructure. (1) the dopants might modify the surface of perovskite (2) the
dopant may develop a distinct phase and not affect the phase of perovskite (3) the
dopants may replace the other components. In the first situation, the change in crystal
surface can have an impact on the growth rate with surface passivation and reduction
in the crystal size. The second scenario may result in a complicated amalgam of phases
as with the addition of K or Rb. The third scenario appears plausible as it enhances the

perovskite lattice's total entropy and stabilizes it thermodynamically.'!%113

The CsPbl2Br is the only all-inorganic perovskite material that has an acceptable band
gap along with phase stability for PV devices. However, the operational stability of
PSCs has been compromised due to the slight phase instability caused by the smaller
size of Cs" in retaining the [PbXs]* octahedra and lower tolerance factor value of

CsPbL,Br (t = 0.855).114

Several research groups have proposed and adopted B-site substitutional doping to
improve the phase stability of perovskite and retain the tolerance factor within a
reasonable range. Substitution of Pb with other metals minimized the toxicity issue
along with the stabilization of the perovskite photoactive phase. Swarnkar et al.
conducted a comparison of the properties of undoped and doped CsPbBr3; nanocrystals
and determined the change in tolerance factor and formation energy for various dopants
per Pb?" ion by using the first principle calculation shown in Fig. 1.14(a and b).'"

Therefore, it is necessary to optimize B-site doping, which could resolve the perovskite
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phase instability problem without impairing its optoelectronic capabilities. Phase
instability has shown to be effectively combated by germanium (Ge) as a B-site dopant
due to improved effective tolerance factor (teff). Additionally, among CsPbl,Br
perovskites, the PSC with an optimized composition (CsPbosGeo212Br) showed the
greatest Voc of 1.34 V.!¢ Europium (Eu), was also employed as a B-site dopant. The
jonic radius of Eu®" is less than that of Pb?", therefore the substitution of cation at B-
site by Eu improved the teff and enhanced the CsPblLBr perovskite phase stability. The
partial incorporation of Eu suppresses the nonradiative recombination that considerably

enhanced the Voc.!"”

Figure 1.14: Schematic representation showing Pb?* substitution by several metal
ions, which results in (a) stabilization of CsPbls a- phase at ambient conditions by
improving the tolerance factor and by increasing the formation energy,
orthorhombic CsPbBr3 thermal stability was improved. (b) Histograms represent
the formation energy change ((AE form) for undoped and doped CsPbBr3, (results
based on first principle calculations).!'S (¢) Schematic illustration showing the
perovskite phase stability in relation to I/Br ratio.!'
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Fig. 1.14(c) illustrates the phase stability versus halide (I/Br) content ratio based on the
experimental findings. At an I/Br ratio of 3:1, a distinct separation between the
deformed and stable perovskite lattices was seen.!!'® Yin et al. used the X-site doping
method by adding fluorine (F) with an optimum ratio to create bulk-phase
heterostructures to improve the phase stability of CsPbl,Br perovskite. As a result, the
carrier lifetimes were prolonged which led to enhanced stability.!!® According to Waqas
et al. for a stabilized photoactive phase of CsPbX3 perovskites, the Goldschmidt
tolerance factor should be satisfied but the tilting or contraction of perovskite lattice is

even acceptable to improve fabricated device parameters.'?

1.9.2. Light Stability

The light induced phase segregation was observed in OIH perovskites, which made
them unstable to UV light. Even this is more serious in mixed-halide perovskites such
as MAPbI;.«\Brx and results in the I and Br™ rich domains within perovskite absorber
layers.!?! The rearrangement of halides caused by light has also been stated in single
halides, such as MAPbI; and MAPbBr3.!*? Ionic migration and halide segregation

owing to residual halides are the two major effects related to light.
1.9.2.1. Photoinduced Halide Segregation

Light-induced halide segregation causes a significant decline in PV characteristics like
a decrease in Voc. The photoinduced charge traps lead to charge recombination at the
interface of perovskite and CTL which declines the overall performance of the device.
To explore the light-independent halide segregation, ion migration and defect formation
researchers compared CsPbX3 and OIH perovskites. Rachel et al. were the first to show
that CsPbX3 perovskites are stable against light, and they recorded photoluminescence
(PL) peak positions of various CsPb(I;xBrx); compositions under 100 mWcm™ as a
function of time. It was found that the PL-peak position remained the same for
compositions in the range of 0 < x < 0.4, representing a wide variety of stable

compounds.'?

In OIH perovskite films, photo-induced halide segregation has been verified which can
be explained by light-enhanced ion migration. Still, in CsPbX3 perovskite, the photo-
induced halide segregation was less severe. The PL spectra for CsPbloBr and

MAPb(Io.5Bros)s under extremely intense 104 mWem illumination are shown in Fig.
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1.15(a-b) which shows that in CsPbl,Br perovskite the photo-induced phase

segregation was successfully suppressed.

Figure 1.15: PL-spectra of (a) CsPbl2Br (b) MAPb(Io5Bros)s (c) MPPT of the
CsPbI:Br and MAPbDI; based encapsulated PSCs for more than 1500 h.!'?4

This suppressed photo-induced phase segregation in CsPbl,Br perovskite was also
confirmed by Zhao et al. and some other researchers.'”*!?8 Fig. 1.15(c) further
demonstrate that CsPbl:Br is more stable than single halide MAPbI; against light-
induced phase segregation. Phase segregation under illumination occurs in the
CsPb(Brxlix)3 perovskites when x>0.4 and dominant in CsPbIBr» (x=0.67) but
inhibited in CsPbL,Br (x=0.33).!2%13% 1t is also possible to suppress photo-induced
phase separation in CsPb(Bryli); by downsizing to nanocrystals.'*! Thus in all-
inorganic perovskites, phase segregation can be prevented by maintaining the halide

composition within an acceptable ratio and decreasing the size of the grains.
1.9.2.2. Polaron Formation

Inorganic perovskites have several benefits over hybrid perovskites, such as stability
towards light and lattice instabilities in operation, but they linger behind hybrid ones in
terms of carrier lifetimes. Furthermore, being volatile, the organic cation also causes

carrier recombination at grain boundaries, resulting in the formation of polarons
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(having deformed lattices) that surround photogenerated carriers. Zhu et al. inspected
that polaron formation is present in OIH perovskites that surround the photo-generated
carriers while this phenomenon is absent in CsPbXj perovskites.!*? It has been
demonstrated that polaron production and ionic migration are both entirely dependent
on organic cations, providing yet another explanation for a potential method of ion

transportation under illumination.'?’

1.9.3. Thermal Stability

To meet the commercialization norms and industrial standards CsPbX3 perovskites
should withstand adverse environmental conditions i.e. high solar irradiance and a
temperature of up to 85 °C at some geographic positions. Particularly, the perovskite
absorber layer must be stable under thermal stresses, taking into account both
consequences of the annealing that occurs during the synthesis and the operational

conditions.

Figure 1.16: Absorption spectra for perovskite absorber layer (a) CsPbl2Br (b)
MAPDI:Br heated at 85°C for different times. Arrows depict the increase in
heating time. Insets show the absorption intensity vs heating time. XRD-spectra
for (c) CsPbI:Br and d) MAPDbI:Br. The peak of Pbl>xBrx is represented by a
diamond symbol.'*
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As a consequence of the aforementioned requirements, Snaith et al. investigated the
ambient stability of CsPbl,Br and presented a comparison of the environmental and
thermal stability of CsPbl,Br and MAPbLBr perovskites. The XRD and absorption
spectra for both perovskite films heated at 85 °C in a humidity range of 20 to 25% were
shown in Fig. 1.16. In contrast to MAPbI,Br, where the absorbance reduced
continuously at 670 nm and an extra peak appeared in the XRD spectra (represented by
a diamond in Fig. 1.16(d), the absorption spectra for CsPbl,Br were almost the same
and without any additional peak in the XRD spectrum illustrating no phase segregation
in CsPbl,Br owing to thermal stress.!% In continuation to the illustration of CsPbl.Br
perovskite resistance to thermal stress, Silvia et al. also demonstrated that, unlike
MAPDI;, the decomposition of CsPbI>Br into its component salts is not irreversible but
instead it converted to a non-perovskite (yellow) phase with higher bandgap (2.85¢V),
when exposed to moisture that can be easily reversed when heated at 350°C in

moisture free environment.'>3

As a whole, a comparison of OIH and CsPbX3 perovskites is discussed with several
characteristics pertaining to the light, phase and temperature stability. Although hybrid
perovskites have superior intrinsic phase stability, CsPbX3 perovskites have higher
stability against thermal and light stresses. Among CsPbX3 perovskites, CsPbl.Br
perovskite has demonstrated higher stability against heat, light and phase segregations
caused by moisture which improved the stability of the device. However, there are still
many loopholes that need further research to be resolved to increase the performance

of these PSCs to meet commercialization demands.
1.10. Energetics of Caesium Lead Halide PSCs
1.10.1. Interface Engineering

The stability and efficiency of PSC devices are derived from the charge transfer
kinetics, which is the charge transport among various interfaces, notably from
perovskite to the CTL. The injection barrier and extraction barrier are the two forms of
charge carrier barriers that are present when the perovskite layer is in contact with the
electron and hole transport layers. As shown in Fig. 1.17 the extraction barrier or
injection barrier for holes is defined by the energy difference between the VBM of the
perovskite and the highest occupied molecular orbital (HOMO) of the HTL and the

extraction barrier or injection barrier of electrons is the difference in energy between
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the perovskite CBM and the lowest unoccupied molecular orbital (LUMO) of the ETL.
The injection barrier restricts the Voc of the device owing to the hole’s thermionic loss
while the extraction barrier affected FF with no observable effect on Voc of PSC.!3
Particularly, when the energy levels of perovskite and CTL don't match loss of charge
carriers occurs at interface.!*>!*¢ Since both injection and extraction barriers are
detrimental to the performance of PSCs, therefore, to mitigate the energy loss and
decrease energy mismatch suitable choice of charge transfer layers with favorable

energy level alignment with the perovskite layer is required.

Figure 1.17: Schematics of energy barriers at perovskite/CTL interface.!34

Jiang et al. revealed that the existence of CsPb2Brs with CsPbBr3 passivated the grain
defects, reduce the carrier recombination and lower the energy barrier. Surprisingly, this

self-passivation led to a PCE of 8.34% with improved stability.!?’

Figure 1.18: (a) Device architecture of fabricated PSC of CsPbI:Br QDs film post-
treated FAL (b) corresponding energy level diagram.!38
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Recently, the CsPbl>Br perovskite interface optimized with iodine was reported. In the
first step the QDs of CsPbl>Br were deposited on the top of bulk CsPblLBr to form a
heterojunction structure. Then the organic iodide salts (PEAI, FAI, MAI, etc.) were
used for the post-treatment of the resulting heterojunction perovskite film. Fig. 1.18(a
and b) represents the architecture of the fabricated device and corresponding energy
level diagram which showed improvement in the charge collection property of the
resultant PSC upon treatment.'*® A bilayer ETL (Sn0»/ZnO) was also applied to
facilitate electron extraction at the interface in all inorganic planar perovskite devices.
The optimized ETL with favorable band alignment with the perovskite layer minimizes
the non-radiative recombination with efficient charge extraction.!*® Furthermore the

device exhibited improved stability towards heat and moisture.

There is still a gap within the optimization of interfaces, to further improve the transport
and collection of charge carriers. Interface engineering of CsPbX3 PSCs can further
improve the PCE of PSC by improving PV characteristics like FF, and Jsc. Voc along
with their remarkable environmental and thermal stability makes it easier to fulfill the

industrial and commercialization standards.
1.10.2. Defect Passivation

Similar to organic-inorganic hybrid perovskites, the surface traps and bulk defects are
also present in the perovskite layer of CsPbX3 perovskites. These defects were also
verified by theoretical calculations and generally arise either due to the limited
solubility of precursor salts of perovskite in polar solvents or due to the excessive
domains of Pb-X (X= I, Br) after heating at higher temperatures. Recently, a number
of approaches have been used by various groups to tackle these issues, which
substantially affected the efficiency of the device.®8!1°140 Li et al. reported an increase
in the electron cloud density of CsPbls by the addition of PVP into the perovskite layer
which decreased the trap density and surface energy. Along with these this strategy also
enhance the phase stability and diffusion length of the charge carrier hence leading the

all-inorganic CsPbls PSCs towards commercialization.'*!

Additive engineering was also narrated to reduce the surface defects in CsPbXs
perovskites. Lead nitrate (Pb(NO3)2) was found effective for surface defects passivation
of CsPbLLBr perovskite by improving the hole transfer and decreasing the carrier-trap

density.'* Moreover at lower temperatures, thermodynamically stabilized B -CsPbl;
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was attained via pinhole and surface cracks passivation with choline iodide (CHI). Fig.
1.19 shows the schematics for perovskite passivation and crack filling of the pristine
and control film respectively. The passivation tuned the band alignment and passivates
the defects of the perovskite material thus reducing recombination loss and enhancing

the charge transport.!+

Figure 1.19: (a) Schematic diagram of crack-filling using choline iodide (CHI).
Corresponding energy diagram of the fabricated device (e) Pristine and (f) CHI
treated.'”

Apart from the strategies still it is demanding to detect and identify defects and
passivate them with innovative approaches to acquire high-quality all-inorganic
perovskite absorber material with high carrier lifetime and reduced recombination loss

for further improvement in the stability and performance of the device.
1.11. Challenges Regarding All-Inorganic PSC Phase Stability and High PCE

Despite significant progress of CsPbX3-based PSCs in recent years, there are still
several questions related to the phase stability and high efficiency of CsPbX3
perovskites. According to several theoretical reports on PSC PV parameters (Voc, Jsc,
FF and PCE) the obtained all-inorganic device parameters are still lower than the
theoretical values."**!* This seems to be a great challenge, so optimization of
perovskite composition, interfaces of perovskite and CTL is necessary.'*®!4” Thus,
more research avenues need to be discovered to improve the intrinsic phase stability

and performance of CsPbX3 PSCs.
1.12. Piezoelectric Nanogenerator (PENG)

A nanogenerator (NG) is an energy harvesting device which convert the harvested
energy into useful electrical energy. Based on the nanostructured material used for
energy conversion the NG is divided into three main categories i.e. pyroelectric,

piezoelectric and triboelectric NG. A PENG is a device that uses active materials that
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produce charges when they are mechanically pressed, thus transforming mechanical
energy into electricity. The first nanogenerator was developed in 2006 based on the

piezoelectric effect utilizing ZnO nanowires.'*

1.12.1. Piezoelectric Mechanism

PENGs typically include electrodes and piezoelectric materials. When the mechanical
force is applied on a PENGs polarization occurs and opposite charge is produced on the

upper and lower surface of piezoelectric material.

Figure 1.20: Operational mechanism of PENGs.!#

Schematic representation of how the PENGs generate electricity when pressed and
released is shown in Fig. 1.20. In the first step the ferroelectric domains aligned
themselves in the direction of applied magnetic field (Fig. 1.20(a)). Strain can be
experienced by both cations and anions, but the equivalent center of charge remains
unchanged. This means there is no polarization or generation of electric current. When
external force is applied on a NG the equivalent center of cations and anions changes
and result into the formation of electric dipole which results into piezoelectric potential
between oppositely charged electrode as shown in Fig. 1.20(b). Additionally, a current
can be seen by connecting the electrodes to an external load. When the gap between the
two electrodes is the smallest, the electric polarization density is greatest (Fig. 1.20(c))

due to the higher interaction between the electrode and active area. Finally, when the
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pressure is released, the electrons revert back to their initial state as displayed in Fig.

1.20(d). Consequently, a reversed piezoelectric electric current can be seen.!*

When the ZnO material is used in PENG the similar mechanism occurs. In the wurtzite-
structured ZnO crystal, the arrangement of tetrahedrally coordinated Zn*" and O* ions

occurs in a layered manner along the c-axis as displayed in Fig. 1.21(a).

Figure 1.21: (a) Wurtzite-structured ZnO (atomic model). (b) Piezoelectric
characteristics and different piezopotentials in the material's tension and
compression modes. (c) Theoretical calculation of the distribution of piezoelectric
potential under axial strain in a ZnO nanowire.'>

When a mechanical force is applied ZnO crystal, it will deform and an electric dipole
is generated by the separation of cations and anions resulting in the development of a
piezo potential shown in Fig. 1.21(b). When an external load is applied to this deformed
crystal, the movement of free electrons occurs through the external circuit, to partially
screen the piezo potential and attain a new state of equilibrium (Fig. 1.21(c)) which is
the process for energy conversion. Hence, by continuously modifying the
piezopotential through a dynamic straining phenomenon, the fundamental operating
principle of the nanogenerator involves a consistent flow of pulse current passing
through the external circuit. Other PENGs employing different piezoelectric materials
such as PZT, PVDF and BaTiO3 (BTO) can also powered by using the same basic model

and principle.'>
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1.13. Hybrid Devices for Harvesting Multi-Type Energies

Our living environment is abundant with a diverse range of energy sources,
encompassing mechanical, solar, thermal, chemical, and biological energy, providing
us with an abundance of diverse energy options. In order to fulfill the global energy
demands and achieve the self-sustaining and environmentally-friendly operation of
micro/nanosystems, several energy harvesting devices have been developed to generate
electricity from the surrounding environment. Each energy harvesting device utilizes
different methods and captures specific types of energy, while all other types remain
unused. A solar cell, for instance, cannot be used in regions where sunlight is not present
because it is only intended to produce power under light illumination. Therefore, there
is a strong need to develop a hybrid device (HD) that can efficiently convert multiple
forms of energy into electricity. This would allow us to fully utilize the available energy

sources and power systems anytime and anywhere.!!

In order to maximize the utilization of energy from the environment, Wang's group in
2009 proposed the concept of a hybrid cell which can harvest both mechanical and solar
energy. !> This innovative approach enables the simultaneous harvesting of multiple
forms of energy using a single device. Thus sets the foundation for the fabrication of

hybrid harvesters and opens up new possibilities in the field of energy harvesting.
1.14. Problem Statement

When moving photovoltaic technology from the laboratory to commercial scale, it is
essential to give utmost importance to three key metrics: cost-effectiveness, high PCE,
and prolonged stability to ensure a durable product lifespan. OIH perovskites have
received immense attention as most promising photovoltaic materials due to high
efficiency and low cost, but their practical applicability is still hampered due to the short
device stability. As an alternative all-inorganic perovskite based on caesium exhibit
superior light, moisture, and thermal stability, offering a potential route to stable PSCs.
Till now different categories of inorganic perovskite has been used but CsPbX3 series
have achieved higher performances than others series. Furthermore, numerous studies
have demonstrated that CsPbX3 series exhibit comparable optoelectronic characteristics
to their organic inorganic hybrid counterparts. Among CsPbX3 perovskites, CsPbl2Br
perovskite has demonstrated higher stability against heat, light and phase segregations

caused by moisture which increased the stability of the device. Although the stability
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of CsPbl,Br PSCs surpasses that of hybrid perovskite devices, but their PCEs still lower
than their hybrid perovskite counterparts. This low performance of CsPbl>Br-based
devices could be attributed to the poor quality of the film, which results into defects
and structural imperfections like grain boundaries and dislocations. These defects
hinder charge transport and cause variations in light absorption and exciton generation
within the film, ultimately reducing device stability and performance. Furthermore, the
poor film quality can also lead to increased trap density, which can trap charge carriers
and reduce their mobility, leading to lower charge transport efficiency which ultimately

diminish the device performance.

So high quality CsPbl;Br perovskite film is a prerequisite to fabricate high
performance PSC. Therefore, a simple, low-cost, high-quality film deposition
techniques and optimization methods is highly desirable which can improve the
stability, reduce the defects and traps, lead to efficient charge transport and collection
and provide favorable energy level alignment for further development of inorganic
PSCs. So, there are still many loopholes that need further research to be resolved to

increase the PCE of these PSCs to meet commercialization demands.
1.15. Aims of Research

This research work aims to address the aforementioned issues by introducing different
methodologies to improve the stability and quality of the CsPbl,Br perovskite film to

enhance the performance and stability of inorganic PSCs.
1.16. Plan of Work

In order to accomplish the stated objective a research plan was developed which

encompasses the following approaches:

1. Selection of suitable deposition methods, optimization of CTLs (NiOx and Céeo)
and absorbing layer (CsPbl>Br) to achieve working PSCs.

2. Compositional engineering of the CsPbl2Br perovskite material to minimize the

defects and to enhance the stability of perovskite material.

3. Surface treatment of CsPbl>Br to modify the interface between perovskite/HTL

and to improve the perovskite film quality.

4. Lewis base passivation of CsPbl2Br perovskite to minimize the defect states in

the perovskite material.
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5. Characterization of the modified perovskite and use it for the fabrication of the

PSC and analyze their performance.

6. Fabrication of hybrid harvester devices for sustainable energy harvesting.
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2. Materials and Methodology

This chapter outlines the experimental methodologies and measurement
techniques employed in this research. It commences with a brief introduction of
deposition techniques followed by the details of solutions and methods for HTL, ETL
and perovskite film formation used for device fabrication. Additionally, different
characterization methods for the characterization of films and fabricated devices are

also illustrated in this chapter.

2.1. Materials

All the chemicals required for the fabrication of PSC devices were purchased from
Sigma-Aldrich, CreaPhys, Great Cell Solar, and TCI, stored in the glove box and used
as received. The chemicals include nickel(Il) acetylacetonate (Sigma-Aldrich), zinc
acetate (Sigma-Aldrich), caesium iodide (Sigma-Aldrich), lead iodide (Sigma-Aldrich),
lead bromide (Sigma-Aldrich), copper bromide (Sigma-Aldrich), lithium fluoride
(Sigma-Aldrich), 2-amino ethanol (Sigma-Aldrich), 2-methoxy ethanol (Sigma-
Aldrich), ethylene diamine (Sigma-Aldrich), poly (methyl methacrylate) (Sigma-
Aldrich), polyvinylpyrrolidone (Sigma-Aldrich), hexamethylenetetramine (Sigma-
Aldrich), methyl ethyl ketone (Sigma-Aldrich), dimethyl sulfoxide (Sigma-Aldrich),
isopropanol (Sigma-Aldrich), hydrochloric acid (Sigma-Aldrich), acetonitrile (Sigma-
Aldrich), chlorobenzene (Sigma-Aldrich), Ceo (CreaPhys), Spiro-O-MeTAD (Greatcell
Solar), bis (tri fluoro methane) sulfonimide lithium salt (TCI), 4-tert-butylpyridine
(TCI).

2.2. Deposition Techniques for PSCs Fabrication

PSCs were fabricated by using spin coating and thermal evaporation methods. A

generalized overview of these methods is given below.
2.2.1. Spin Coating Method

The spin coating technique is used to fabricate thin films with thicknesses ranging from
micrometers to nanometers. It involves the mounting of substrate on the chuck which
rotates the sample and causes the liquid to be violently propelled outward by centrifugal
force. Smooth deposition on the surface is primarily facilitated by the viscous force and
surface tension. Ultimately, evaporation leads to the formation of a thin film. A

schematic diagram of the spin coating process is shown in Fig. 2.1.
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Figure 2.1: Schematic diagram of the spin-coating process.
The steps involved in the spin-coating process are given below.

1. The substrate is placed on the spin coater’s chuck. Rotating time and speed are
adjusted by built-in controlling time and speed functions.
ii. The precursor solution is dropped on the substrate by a micro-pipette.

iii. The substrate is rotated at a certain speed (rpm) and duration to form a thin film.

The thickness of the film is influenced by the spin speed while uniformity of the film
is related to spin time. Other factors like solvent vapor pressure, boiling point and

environmental conditions (humidity and temperature) are also crucial.
2.2.2. Thermal Evaporation

This method involves the evaporation of desired material by heating under a vacuum
below 1 x 1076 torr (1.3 x 10~ Pa) to produce some vapor pressure. Due to low pressure
inside the chamber materials start to vaporize at the sublimation temperature.
Depending on the evaporating material the tantalum, molybdenum or tungsten coil or
boat will be used to evaporate the source material i.e., it should not react with the
material. Rotary and diffusion pumps are used to generate a high vacuum and
evaporation rate is influenced by the temperature of the source material and regulated
by varying current of the heating element. Since the substance is heated to its melting
point and is liquid during this process thus placed in an upright position at the bottom
of the chamber. The vapor stream of the evaporated material rises upward towards the
top of the chamber and condenses on the substrates that are held inverted in an
appropriate fixture to form a coating or film. Film thickness is determined by a
thickness monitor usually a microbalance quartz crystal coated with gold.!** The

schematic diagram of the thermal evaporation process is shown in Fig. 2.2.
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Figure 2.2: Schematic of thermal evaporation deposition technique.!>
2.3. Fabrication of PSC Devices
2.3.1. Fabrication of Inverted PSC Devices

Inverted PSCs were fabricated with a device configuration of ITO/NiOx/Perovskite/Ceo/
LiF/Cu shown in Fig. 2.3. Firstly, nickel oxide (NiOx) HTL layer was deposited on
indium tin oxide coated glass substrate (ITO) using the spin coating method followed
by spin coating of the perovskite layer. Subsequently, the [6,6]-Ce1-butyric acid methyl
ester (Ceo) ETL was deposited on top of the perovskite layer using a thermal evaporation
process. Finally, a lithium fluoride (LiF) buffer layer and a copper (Cu) electrode were
consecutively thermally evaporated onto the Cgo layer. A detailed description of the

device fabrication process is given below.

Figure 2.3: (a) Diagrammatic representation (side view) of fabricated inverted
PSC showing different layers. (b) Fabricated PSC devices. (c) Top view showing
top and bottom contact with active area.

2.3.1.1. Substrate Cleaning Procedure

The ITO (sheet resistance 14 /0, 1 mm thick) were etched by using 37% hydrochloric
acid (HCI) and zinc powder and cut into suitable size (14x14 mm?). After that, the glass

and ITO substrates were cleaned via sonication in a soap water, distilled water, acetone,
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and isopropanol for 5 minutes in each solvent and then dried under N> flow.
Subsequently, ITO substrates were subjected to UV-ozone treatment for 15 minutes.

Different steps for substrate preparation are shown in Fig. 2.4.

Figure 2.4: Steps for the preparation of the substrate.
2.3.1.2. Preparation of NiOx Films

Solution process method was used for the fabrication of NiOx films. For this, the
precursor solution for NiOx was prepared by dissolving nickel(II) acetylacetonate
(C10H14N104) (129 mg) in anhydrous ethanol (5 mL) and HCI (37%, 50 uL) and stirred
overnight which yielded a green color solution. Then, the NiOx precursor solution was
filtered with a 0.45 pm PTFE membrane filter. Afterward, the NiOx film was deposited
in ambient conditions on the top of ITO substrates by spin coating the NiOx precursor
solution at 5000 rpm for 30 s followed by drying at 100 °C for a minute. To clean
contact area, a cotton swab dipped in ethanol was used to wipe a 2-3 mm edge of the
NiOx layer. Then, the films were annealed at 360 °C for 45 minutes in ambient

conditions for the fabrication of NiOy films.'?°
2.3.1.2.1. Surface Treatment of NiOx Films

The NiOx films were treated with plasma for twenty seconds to improve the wetting

properties of the top perovskite film. The treated NiOx films were immediately
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transferred to a glovebox with controlled oxygen and moisture level (less than 5 ppm)
for further processing to complete the device fabrication. Fig. 2.5 depicts different steps

for the preparation and post-treatment of NiOx films.

Figure 2.5: Steps showing the preparation and post-treatment of NiOx films.
2.3.1.3. General Procedure for the Fabrication of Perovskite Films

The precursor solution for perovskite was prepared by mixing perovskite precursor salts
in 1 mL of anhydrous dimethyl sulfoxide (DMSO) with continuous heating at 70 °C

until a complete clear solution was formed.

Figure 2.6: Schematics showing the preparation of perovskite films.
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Before processing into devices, the prepared perovskite precursor solution was filtered
with a 0.45 pm PTFE membrane filter. The perovskite film was fabricated on NiOx
coated ITO substrates by spin-coating perovskite precursor solution (45 pL) at 500 rpm
for 3 s and 2700 rpm for the 30 s. The films were annealed on a hotplate at 40 °C for 4
minutes and 150 °C for 5 minutes to complete the crystallization of perovskite film.

The general method for the preparation of perovskite films is shown in Fig. 2.6.
2.3.1.3.1. Preparation of CsPbI:Br Perovskite Films

The precursor solution for perovskite was prepared by mixing 313 mg of caesium iodide
(Csl), 277 mg of lead iodide (Pbl,), and 220 mg of lead bromide (PbBr2) in 1 mL of
DMSO. The CsPbL:Br films were fabricated by following the above-mentioned general
method.

2.3.1.3.2. Preparation of Non-Stoichiometric CsPbi-xI2-xBr Perovskite Films

The precursor solution for perovskite was prepared by dissolving 313 mg of Csl, 227
mg of Pblz, and 220 mg of PbBr» in 1 mL of anhydrous DMSO and the above-mentioned

general procedure was followed for the fabrication of films.
2.3.1.3.3. Preparation of Cu Doped CsPbi-xI>-xBr Perovskite Films

For the preparation of 5% Cu doped CsPbi.xI>.xBr perovskite 313 mg of Csl, 227 mg
of Pblz, 198 mg of PbBr2 and 13.4 mg of copper bromide (CuBr2) were mixed in 1 mL
DMSO. For 3% Cu doping 207 mg of PbBr; and 8.04 mg of CuBr, were used whereas
for 2% Cu doping 211 mg of PbBr2 and 5.36 mg of CuBr2 were utilized, along with the
same amounts of Csl and Pbl». Perovskite films were fabricated by employing a general

recipe described earlier.
2.3.1.4. Isopropanol Post-Treatment of CsPbI:Br Perovskite Films

In the case of IPA-treated film the perovskite deposited substrates were dipped in
isopropanol (IPA) solvent for different times (5, 10 and 15 minutes). After that, the films

were dried at 40 °C for 3 minutes to ensure the complete removal of the solvent.
2.3.1.5. Ethylene Diamine Treated CsPbL>Br Perovskite Films

In the case of surface modification via Lewis acid-base passivation method simplest
Lewis-base ethylene diamine (EDA) was used. For this purpose, the 30 uL of 0.009%

solution of EDA in chlorobenzene was spin-coated at the top of the perovskite layer at
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3000 rpm for the 30 s.
2.3.1.6. Preparation of Ceo, LiF Layers and Cu Contacts

The perovskite-coated substrates were transferred into a glovebox fitted with a thermal
evaporator (UNIVEX 350 G, Leybold). After that, the pressure inside the chamber of
the thermal evaporator is reduced to 5x10° mbar by pumping for 20 minutes. Then, the
Ceo layer of different thicknesses (10 to 45 nm) was thermally evaporated with an
evaporation rate of 0.2 A/s to form an electron-selective contact. Subsequently, a 1 nm
LiF buffer layer was evaporated on the top of the Ceo layer at the rate of 0.04 A/s. The
substrates were then taken out from the thermal evaporator to anneal at 80 °C for 10
minutes under a nitrogen environment. Finally, the Cu contacts (80 nm) were
evaporated at a rate of 1 A/s. The active area of the PSCs was 0.133 cm? which was

defined by a measurement mask.
2.3.2. Fabrication of Normal PSC Devices

Normal PSCs devices were fabricated with a device configuration
PET/ITO/ZnO/Perovskite/SpiroOMeTAD/Au shown in Fig. 2.9(b). Firstly, zinc oxide
(ZnO) nanorods as an ETL layer were synthesized on ITO-coated polyethylene
terephthalate (PET/ITO) substrate followed by spin coating of the perovskite layer.
Subsequently, the spiro-O-MeTAD (spiro) HTL was deposited on top of the perovskite
layer using a spin coating method. Finally, a gold (Au) electrode was thermally
evaporated onto the spiro layer. Below is a detailed description of the device fabrication

process.
2.3.2.1. Substrate Cleaning Procedure

PET/ITO substrates were cut into suitable sizes (150x 250 mm?). After that, the
PET/ITO substrates were cleaned via sonication in a soap water, distilled water,
acetone, and isopropanol for fifteen minutes respectively. Then, a nitrogen gun was
used to dry the substrates under nitrogen flow. Afterward, the substrates were subjected

to plasma treatment for 15 minutes.
2.3.2.2. ZnO Nanorods Synthesis

ZnO nanorods were synthesized on PET/ITO substrate by following a reported method
with slight modification.!>” Schematic representation of steps for ZnO nanorods

synthesis is shown in Fig. 2.7 For ZnO nanorod synthesis, a ZnO seed layer was
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deposited on the top of the ITO/PET substrate via spin coating method. The seed layer
precursor solution was prepared by dissolving 219 mg of zinc acetate
(Zn(CH3C00),2.2H>0) and 61.08 mg of 2-amino ethanol (NH>CH>CH>OH) in 10 mL
of 2-methoxy ethanol (CH;OCH>CH>0OH) and stirred overnight. Then, the precursor
solution was filtered with a 0.45 pm PTFE membrane filter. Afterward, the ZnO seed
layer was deposited on the top of the PET/ITO substrate by spin coating the precursor
solution at 500 rpm for 10 s and 3000 rpm for 30 s, followed by annealing at 140 °C
for 30 minutes and subsequently cooled to room temperature. This process was repeated
five times and during the second, third and fourth times, the film was heated at 140 °C

for 15 minutes.

Figure 2.7: Steps showing the synthesis of ZnO nanorods.

Then the coated substrates were fixed to a microscope slide by the Kapton tape and
dipped into solution in a closed container. The solution was prepared by mixing 1.86 g
of zinc nitrate (Zn(NOs)2) and 0.88 g of hexamethylenetetramine (CsH12N4) in 200 mL
of deionized water. After that, the container was placed in a preheated oven at 90 °C for

2.5 hrs. Finally, the substrates were rinsed with deionized water and dried at 80 °C.
2.3.2.2.1. Surface Treatment of ZnO Nanorods

The ZnO nanorods were treated with plasma for fifteen minutes to improve the wetting

properties of the top perovskite film. The treated substrates were immediately
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transferred to a glovebox with controlled oxygen and moisture level (less than Sppm)

for the fabrication of perovskite film.
2.3.2.3. Preparation of Perovskite Films

The perovskite precursor solution was prepared by mixing 313 mg of Csl, 227 mg of
Pbl,, and 220 mg of PbBr> in 1 mL of anhydrous DMSO with continuous stirring at
70 °C until a complete clear solution was formed. Then the solution was filtered with a
0.45 um PTFE membrane filter. Afterward, 7.6 mg, 11.4 mg and 152 mg
polyvinylpyrrolidone (PVP) was added to the perovskite precursor solution with
continuous stirring at 70 °C for 1%, 1.5% and 2%. PVP-incorporated perovskite
respectively. For the fabrication of perovskite film shown in Fig. 2.8 90 uL of
perovskite precursor solution was spin coated on ZnO coated PET/ITO substrate inside
the glove box at 500 rpm for 3 s and 2700 rpm for the 30 s. The deposited films were
firstly annealed at 40 °C for 4 minutes and 150 °C for 5 minutes.

Figure 2.8: Perovskite film fabricated on ZnO nanorods.

2.3.2.4. Preparation of Spiro Layer, Au Contacts and Device Encapsulation

The solution of HTM was prepared by mixing 72.3 mg of spiro with 1 mL anhydrous
chlorobenzene with continuous stirring until a complete clear solution was formed.
After that, 17.5 pL of bis (tr1 fluoro methane) sulfonimide lithium salt (Li- 3 TFSI)
solution in acetonitrile (520 mg/mL) and 28.8 uL of 4-tert-butylpyridine (tBP) was
added and stirred. Then the solution was filtered using a 0.45 pum PTFE filter and then
applied onto the perovskite films through spin-coating at 3000 rpm for a duration of 20
s. Solution of poly (methyl methacrylate) (PMMA) in methyl ethyl ketone (MEK) was
coated on the left corner of substrate, to prevent short circuits. After that, an Au
electrode of 150 nm thickness was deposited on the top of the spiro layer by thermal
evaporation (E306A, Edwards) with an evaporation rate of 1 A/s. Afterward, the flat

copper strips were stuck to the ITO and Au layer as the electrode using conductive silver
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adhesive epoxy followed by soldering of copper wires to the copper strips (Fig. 2.9(a)).
Then, the device was encapsulated in a laminating pouch by using hot press (Fig. 2.9

(c)). The active area of device is 0.25 cm?.

Figure 2.9: (a) Thermal evaporation of Au and Cu strips attached to ITO and Au
electrode. (b) Diagrammatic representation of side view of fabricated hybrid
device showing different layers. (c) Top view of fabricated hybrid device.

2.4. Characterization Techniques
2.4.1. Techniques for Perovskite Film Characterizations

This section explains the techniques employed for characterizations of fabricated

perovskite films used for the fabrication of PSC devices.
2.4.1.1. X-ray Diffraction (XRD)

The X-ray diffraction studies of the thin films were investigated under ambient
condition using an X-ray diffractometer Bruker D8 Discover equipped with Lynxeye

XE detector, and Cu Ka radiation source was used.
2.4.1.2. X-ray Photoelectron Spectroscopy (XPS)

In our study, the XPS measurements were performed using a standard Omicron system
with Al K-alpha X-rays (1,486.7 eV). Cls core level was used for the calibration of
data.
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2.4.1.3. Photoluminescence (PL) Spectroscopy

A FluoTime 300 from PicoQuant was used to record PL spectra of thin films. The
samples were excited with a 485 nm laser illumination source. A filter of 575 nm was
inserted between the detector and sample to block reflected and scattered laser beams.
To get insights into the time-resolved photoluminescence (TRPL), lifetime transients

were recorded using time-correlated single-photon counting (TCSPC) mode.
2.4.1.4. Scanning Electron Microscopy (SEM)

The SEM images of perovskite thin films were obtained using Zeiss Crossbeam
1540XB FESEM to study the morphology of the perovskite film. An accelerating
voltage of 5 kV was used for imaging. The EDX spectrum was generated using a 15 kV

electron beam.
2.4.1.5. Photoelectron Spectroscopy in Air (PESA)

PESA is a technique used to examine the work function of a surface. The light from a
deep, wide-band ultraviolet (UV) source is focused by a monochromator into a small
spot on the sample. Electrons at particular energy levels will be produced because of
the photoelectric effect that is associated with the work function of the surface. In
current studies, a low photoelectron energy of 3-6 eV was used to determine the valence

band position of perovskite samples by using the AC-2 instrument (Riken Instruments).
2.4.1.6. Ultraviolet-Visible (UV-Vis) Spectroscopy

The UV-Vis absorption spectra for the perovskite films were acquired using a Perkin

Elmer Lambda 950 UV-Vis spectrometer.
2.4.1.7. Contact Angle Measurement

To reveal the wettability of water on perovskite substrates sessile drop method was used
for contact angle measurement. The setup consists of a camera and an elevated stage
on which the substrates were placed. The positions of the camera and stage were kept
constant throughout the measurement so that images were obtained at the same angle,
enabling comparison of the data. A water droplet was placed on the surface of a
substrate, and an image was then captured. Imagel software was used to analyze the
images and to measure the contact angle. In current studies, contact angle
measurements were carried out by using a contact angle goniometer (DSA100

KRUSS).
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2.4.1.8. Atomic Force Microscopy (AFM)

In AFM surface topology and roughness were evaluated. The information is collected
by touching or feeling the sample surface with a mechanical probe. For imaging, the
reaction between the probe and the force that the sample executes on the probe will be
used to create a high-resolution image of the topography of a sample surface.'>® In our
study, the topographical imaging was done by employing the tapping mode using

Bruker Dimension Icon with ScanAsyst instrument.
2.4.2. Characterization Methods for PSCs
2.4.2.1. Current Density Voltage (J-V) Characteristics

The J-V curves of the solar cell were measured under nitrogen in the glove box. To
compute the associated current, a biasing voltage is applied to the solar cell ranging
from a negative potential (reverse biasing) to a positive potential (forward biasing). The
current density (J), which is drawn against the applied voltage (V), is obtained by
dividing the current by the active area. From the J-V curve, other photovoltaic
parameters such as Jsc, Voc, FF and PCE were calculated, as explained in section 1.6.
In current studies, the J-V characteristics of inverted PSCs were measured using a
Keithley 2400 Source Meter, a KGS5 filter, and a Fraunhofer ISE-certified Si reference
diode in an N-filled glovebox. LOT 300 W Xenon solar simulator was used to
illuminate the cells through a shadow mask producing an active area of 0.133 cm?.
Maximum PowerPoint (MPP) tracking algorithm, developed by Zimmermann et al.'>
was employed for a reliable measurement. The J-V curve was measured by a step size
of 10 mV and a sweep rate of 50 mV/s. In case of hybrid device, the J-V characteristics
of solar cell were measured in ambient conditions using a Ossila unit-200 Source Meter,

a 1.5 AM filter and a ORIEL Si reference cell. A class AAA, 150 W, Sciencetech solar

simulator was used to illuminate the cells.
2.4.2.2. External Quantum Efficiency (EQE)

In this method, a solar cell is exposed to monochromatic light, and the resulting current
is determined. From the EQE we can calculate the Jsc of the solar cell. First the EQE
(1) for all the wavelengths is multiplied with radiation flux ® (1) followed by its
integration over the entire wavelength range which yields the Jsc value according to the

equation 2.1.
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Jsc = —qf EQE(D). ®(A)dA 2.1)

In current studies, EQE measurements were done by a home-built setup that have two
150 W tungsten lamps from LOT-Oriel as a light source for monochromatic radiation
and white light background illumination. The setup was fitted with a Zurich Instruments

lock-in amplifier and a trans-impedance amplifier as a measurement unit.
2.4.3. Nanogenerator Performance Measurements

To assess the performance of the nanogenerator, a setup consisting of various
components was employed, which include a Briiel & Kjer LDS V406 magnetic shaker,
a frequency generator, a resistance box (100 Q to 10 MQ) and a data acquisition system.
A resonant mass-spring system was utilized to induce bending in the nanogenerator.
This involved fixing the nanogenerator to a spring steel cantilever with a tip mass of
30 g. The cantilever, along with the attached nanogenerator, was then subjected to
vibrations generated by the magnetic shaker. The output voltage was monitored using
a Tektronix TDS2012C oscilloscope in trigger mode. The nanogenerator performance
of device was measured in ambient condition and an insulating material was used for

tapping the device.
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3. Results and Discussion

This chapter provides an interpretation and explanation of the work conducted
in this project. The results obtained from experiments and the characterization of
materials and PSCs are presented using graphs, tables, followed by interpretations. This
chapter is divided into three main sections, each focusing on a specific type of study
conducted in this work. The first section of the study involves compositional
engineering, whereas in the second section, two different methodologies are employed
to elucidate the surface treatment of CsPbl2Br perovskite. In the third section hybrid
energy harvester device based on PENG and PSC is described and its performance is
discussed. This idea incorporates the piezoelectric and photovoltaic effect in a single
device for mechanical and solar energy harvesting, to enable the efficient and

complementary use of energy sources.

3.1. Compositional Engineering of CsPbI:Br Perovskite

The compositional engineering of CsPbl:Br perovskite was done by altering the
precursor ratio to modify the stoichiometry of the perovskite. This altered perovskite
was referred as non-stoichiometric perovskite. Afterward, the B-site doping of non-

stoichiometric perovskite was done using CuBr».

3.1.1. Performance Enhancement of CsPbIl.Br Perovskite Solar Cells via

Stoichiometric Control T

Caesium-based inorganic halide perovskite is a promising alternative to address the
degradation issue of the organic-inorganic hybrid halide perovskites. However high
iodine content in these inorganic perovskites leads to structural instability upon
exposure to moisture. In this work, the stoichiometry of CsPbl,Br perovskite was
slightly tuned and its effect on structural stability and device performance was studied.
Afterward, the charge transport layers were optimized to improve the charge extraction

in perovskite solar cells.

T Part of this section has been published (reproduced with permissions):

Fatima, K., Haider, M. 1., Fakharuddin, A., Akhter, Z., Sultan, M., & Schmidt-Mende, L.
Performance enhancement of CsPbl,Br perovskite solar cells via stoichiometric control and
interface engineering. Solar Energy, 2020, 211, 654-660.

DOI: 10.1016/j.solener.2020.10.007
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To investigate the effect of precursor solution stoichiometry on the phase stability of
CsPblLBr the perovskite precursor ratios was modified. When Csl, Pbl>, and PbBr
precursors were added in an appropriate ratio i.e. 1.2:0.6:0.6, a stoichiometrically
balanced CsPblLBr perovskite was formed. However, a slightly altered precursor ratio
(1.2:0.5:0.6), led to the formation of non-stoichiometric perovskite. Both types of
perovskites were synthesized through a one-step solution processing method in N»

environment (in the glovebox). Details of the process are given in section 2.3.1.3.
3.1.1.1. Structural Analysis and Stability Measurement

XRD measurements of the perovskite thin films were carried out to evaluate the
structural properties. These measurements were performed in air immediately after
exposing the samples to ambient conditions. The XRD patterns of stoichiometric and
non-stoichiometric CsPbl,Br films are shown in Fig. 3.1(a). Consistent with the
literature, the main diffraction peaks at 14.7° and 29.7° corresponding to (100) and

(200) planes for cubic phase of CsPbI,Br are evident in both perovskite films, °7-104123

Figure 3.1: (a,b) XRD patterns of perovskite thin films. (¢) Comparison of the air
stability of the stoichiometric and non-stoichiometric CsPbI:Br perovskite films.
(d) Contact angle measurement.
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However, the stoichiometric perovskite showed sharper XRD peaks and narrower
fullwidth at half maxima than the non-stoichiometric counterpart suggesting a higher
crystallinity of the former. Further, the calculated crystallite size of the stoichiometric
perovskite (45.19/55.79 nm) was also larger than that of non-stoichiometric perovskite

(37.33/49.23 nm) (Fig. 3.1(b)).

The phase stability of both types of perovskite films was studied under ambient
conditions (at room temperature, average humidity of 30-40%) outside the glovebox. It
was observed that these two films manifest different air stability. Photos of
stoichiometric and non-stoichiometric perovskite showing different rates of phase
stability in the air are given in Fig. 3.1(c). The stoichiometrically balanced film started
to decolorize after 10 minutes and became yellow after 45 minutes. While the non-
stoichiometric CsPblxBr film did not show any signs of the phase change within 48
hours under the same conditions indicating its better air stability. The observed
stabilization effect could be crucially important for the further development of stable
PSCs. As this is the moisture-induced phase transition therefore to get an idea about
this water contact angle measurements were performed. These measurements showed
that the contact angle increased from 6.5° to 67.2° (Fig. 3.1(d)) which means that the
hydrophilicity of the film decreased by changing the precursor ratio thus leading to an

increase in moisture tolerance.
3.1.1.2. Photophysical Properties

To get insight into photo-physical properties, UV-Vis absorbance and SSPL spectra of
both perovskite films were recorded. The absorbance and emission spectra (Fig. 3.2(a
and c)) showed that the non-stoichiometric perovskite absorbance and PL emission
peaks (centered at 648 nm) are slightly blue-shifted than that of the stoichiometric
perovskite film (emission peak at 652 nm). These correspond to a bandgap of 1.91 and
1.90 eV, respectively. This shift might be due to slightly altered chemical composition,
e.g., the slightly different ratio of iodide to bromide anions that have shown to induce
such spectral shift.!*’ Fig. 3.2(d) showed the TRPL spectra of the two perovskite films
on the glass substrate. Fitting of the TRPL data (slow and fast component) using a bi-
exponential model yields lifetime values corresponding to tiand 12 as 14.86 + 0.16 and
25.64 £ 4.91 ns for stoichiometric perovskite film and 7.37 + 0.11 and 25.79 £+ 2.6 ns
for non-stoichiometric perovskite film where t; represents non radiative recombinations

and 1, is associated with radiative recombinations.
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Figure 3.2: (a) UV-visible absorption spectra. (b) Tauc plot (¢) SSPL and (d) TRPL
spectra of the two perovskite films on a glass substrate. The films were excited
using a 485 nm pulsed laser.

To estimate the ionization potential, PESA measurement of both perovskite films was
carried out in the air. The measured VBM values were -5.37 ¢V and -5.24 eV for
stoichiometric and non-stoichiometric film, respectively, as shown in Fig. 3.3(a and b).
Thus, by using the bandgap values from PL emission spectra, we inferred the values of
CBM by using the formula CBM = Eg + VBM. The resultant energy level diagram of
the PSC device is shown in Fig. 3.3(c). The band-edge positions of NiOx, Ceo, and work
functions of ITO and Cu are taken from the literature.'®'®> The VBM of non-
stoichiometric perovskite is somewhat higher and more closely aligned with the valence
band of NiOx as compared to its stoichiometric counterpart which can facilitate more

efficient hole extraction.

From these findings it appears that the non-stoichiometric composition of CsPbl>Br can
be a better choice for a device than its stoichiometric counterpart owing to its improved
ambient stability and a more favorable energy level alignment for efficient charge

extraction.
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Figure 3.3: PESA measurements of (a) stoichiometric and (b) non-stoichiometric
CsPbL:Br perovskite. ¢) Energy level diagram of different layers used for the
fabrication of PSC.

3.1.1.3. Morphological Studies of Stoichiometric and Non-Stoichiometric

Perovskite

The morphology of the perovskite films was analyzed by top-view SEM, as shown in
Fig. 3.4(a). The SEM image of both perovskites showed closely packed grains with
compact and uniform film morphology while non-stoichiometric perovskite showed
smaller grain size with better uniformity. This reduction in grain size with improved air
stability is consistent with the findings in previous work.'> Furthermore the EDX
mapping Fig. 3.4(b and c¢) confirmed the presence and uniform distribution of
perovskite elements in both types of perovskites. AFM images shown in Fig. 3.4(d)
also displayed similar morphology as shown by SEM images and revealed that non-
stoichiometric perovskite has a smoother surface as shown by smaller root mean surface
roughness (RMS = 25.0 nm) compared to pristine perovskite (RMS = 41.6 nm) which
is suitable for efficient charge transport.!®* According to the literature,'®> a water droplet
can more easily adsorb on a film's surface when it is rough, but as the surface
smoothness increases, the process becomes more difficult. Thus, these results were

concordant with the results obtained from water contact angle measurements.
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Figure 3.4: (a) Top-down SEM images. (b) EDX elemental mapping stoichiometric
(c) non-stoichiometric perovskite. (c) AFM images of the perovskites.

3.1.1.4. X-ray Photoelectron Spectroscopic (XPS) Analysis

The surface elemental distributions of the non-stoichiometric CsPbl>Br film were

further analyzed by XPS analysis.

Figure 3.5: (a) XPS survey spectrum of non-stoichiometric CsPbI>Br thin film,
high resolution (b) Cs 3d, (c) Pb 4f, (d) 1 3d and (e) Br 3d core level spectra.
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Fig. 3.5(a) depicted the XPS survey spectrum, which displayed characteristic peaks
corresponding to Cs 3d, Pb 4f, I 3d, and Br 3d verifying the perovskite composition.
The high-resolution core-level peaks of all elements are depicted in Fig. 3.5(b-e). The
peaks appeared at 724 and 738 eV corresponds to the Cs 3ds» and 3ds» respectively
with the +1 oxidation state. Similarly, Pb 4f spectra showed 4f7, and 4fs/> peaks around
138 and 142 eV corresponding to the Pb*? cation. Meanwhile, two XPS peaks around
619 and 630 eV are attributed to 3ds and 3d32 peaks of the I 3d spectrum. Br 3d3 and
Br 3ds); peaks are centered at 67.8 and 68.8 eV, respectively.

3.1.1.5. Photovoltaic Performance and Stability of Perovskite Solar Cells

To compare the effect of change in stoichiometry of CsPbl>Br on cell performance in
inverted PSCs was fabricated with device configuration ITO/NiOx/Perovskite/
Cs0/LiF/Cu. Current-voltage (J-V) curves of champion PSCs measured at 1 Sun (100
mW/cm?) conditions are shown in Fig. 3.7(a). The non-stoichiometric PSC
demonstrated an average Jsc of 11.2 mA/cm? (champion Jsc of 11.6 mA/cm?) slightly
higher than their stoichiometric counterparts (average and champion Jsc 9.3 and 10.20

mA/cm?, respectively).

Figure 3.6: Statistical distribution of the photovoltaic parameters of nine devices
of each type, stoichiometric and non-stoichiometric devices.
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Table 3.1. Photovoltaic parameters (average of nine devices of each type * std
deviation and champion forward (F) and reverse (R) scans) of stoichiometric and
non-stoichiometric device with an active area of 0.133 ¢cm? under 1 Sun (100
mW/cm?) illumination.

Perovskite Parameters Jsc Voc FF PCE
type (mA/cm?) \%) (%)
Stoichiometric Average 9.3 0.97 0.58 5.2
+0.89 +0.04 +0.04 +0.61
Champion (F) 10.20 0.92 0.60 5.6
(R) 10.14 0.98 0.65 6.4
Non- Average 11.2 0.98 0.49 54
Stoichiometric +0.59 +0.07 +0.04 +0.67
Champion (F) 11.66 0.97 0.51 5.8
(R) 11.69 1.03 0.55 6.6

Figure 3.7: (a) J-V curves for F and R scans of the champion stoichiometric and
non-stoichiometric devices with an active area of 0.133 ¢m? under 1 Sun (100
mW/cm?) illumination. (b) J-V curves of representative stoichiometric and non-
stoichiometric devices showing their ambient stability. The devices were kept at
ambient (un-encapsulated) for 24 hours and the J-V performance was measured
before and after storage. (c¢) Photographs showing the comparison of the air
stability of the stoichiometric and non-stoichiometric CsPbI>Br devices.
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Table 3.2. Photovoltaic parameters of the stoichiometric and non-stoichiometric
device before and after air exposure for 24 hours.

Perovskite type Jsc (mA/cm?)  Voc (V) FF PCE (%)
Stoichiometric ~ Before 10.203 1.04 0.48 53
After 9.7x 10 0.31 233.78 6.8x 107
Non- Before 10.7 1.06 0.54 5.7
stoichiometric After 10.0 1.06 0.53 55

The higher Jsc suggested an improved charge collection in non-stoichiometric PSCs.
Both devices showed nearly identical Voc although slightly lower FF is noted in non-

stoichiometric PSCs (Fig. 3.6 and Table 3.1).

The air stability of both types of PSCs was also investigated. Both the stoichiometric
and non-stoichiometric devices were stored in ambient conditions outside the glove box
for 24 hours and J-V curves were measured before and after air exposure. The non-
stoichiometric PSC retained its performance after 24 hours evidencing no degradation
(Fig. 3.7(b) and Table 3.2). In contrast, the stoichiometric device showed a complete
degradation after air exposure suggesting a phase change. Fig. 3.7(c) shows
photographs of two types of devices. The non-stoichiometric device showed no color
change after 24 hours as compared to the stoichiometric device which changed its color
due to phase change-induced degradation. Although non-stoichiometric CsPbl,Br
showed nearly similar PCE values as that of the stoichiometric counterpart, however,
its higher ambient stability makes it more promising for practical application. For this

reason, we chose this device for further optimization by tailoring charge transport.
3.1.1.6. Optimization of Hole Transport/Extraction Layer

For the optimization of NiOx HTL in CsPbl>,Br PSCs two different types of NiOx films
were fabricated via sputtering and solution processing. For the sputtered NiOx film
different thicknesses (10nm, 20nm, 30nm, 40nm, and 60nm) were used. Fig. 3.8
showed the statistical distribution of photovoltaic parameters under 1 Sun (100
mW/cm?) illumination with different types of NiOx films and the PV parameters are

summarized in Table 3.3.
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Figure 3.8: Statistical distribution of the photovoltaic parameters of three devices
of each type for different types of NiOx layers in PSCs.

Table 3.3. Photovoltaic parameters (average + std Deviation) of devices with
different thickness of NiOx for three devices per data point with an active area of
0.133 cm?, under 1 Sun (100 mW/cm?) light illumination.

NiOx Parameters  Jsc (mA/cm?) Voc (V) FF PCE (%)
0 Average 7.6 +0.6 0.2+0.05 025+0.002 04+0.12
nm
Champion (8.1) (0.3) (0.25) (0.6)
Average 109+ 0.6 09+0.11 0.49+0.02 5.1+0.50
20nm
Champion (10.8) (1.1) (0.51) (5.8)
Average 109+0.5 1.0+0.07 044+0.03 4.6+0.59
30nm
Champion (10,5) (1.0) (0.49) (5.3)
Average 10.3+0.2 09+0.11 0.44+0.04 4.1+0.79
40nm
Champion (10.1) (1.1) (0.48) (5.2)
Average 8.8+0.7 0.6+0.11 030+0.03 1.6+0.49
60nm
Champion (9.2) (0.7) (0.34) (2.2)
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Solution Average 11.8+0.3 1.0+0.03 048+0.34 59+0.63
processed ~ Champion (12.2) (1.1) (0.53) (6.8)

The data revealed that the thickness of NiOx film has a significant impact on the
photovoltaic parameters. The performance of devices improved as the thickness
increases up to 20 nm and then started to decrease. The lowest photovoltaic
performance was noted for a thickness of 10 nm as shown in Fig. 3.8. This systematic
increase and then decrease follow the trend of Voc and FF as a function of film
thickness both increase with increasing thickness of NiOx layer up to 20 nm and then
systematically decrease. A higher Voc of ~1 V was noted for 20 nm thick NiOx film as
HTL. The trend of Voc and FF suggests that the change in performance for different
NiOx thickness is governed by different recombination rates. Nearly identical Voc and
FF were noted for 20, 30, and 40 nm thick NiOy film, however, it decreased drastically
for 10 nm and 60 nm devices. For 10 nm, the film might be too thin thus causing shorts
and higher recombination (as evidenced by their lowest Jsc, FF, and Voc). Contrarily,
the drop in performance for 60 nm thick NiOx film could be due to an increase in series
resistance of the film along with increase in the recombination as the film thickness

increases.'%°

Then, the performance of best performing sputtered NiOx film (20 nm) with a solution-
processed NiOx having thickness of approximately 20 nm was compared. The J-V
curves of the champion devices are shown in Fig. 3.9 and corresponding PV parameters

are shown in Table 3.4.
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Figure 3.9: J-V curves of the champion solar cell with 20 nm sputtered and
solution-processed NiOx.
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Table 3.4. Photovoltaic parameters of 20 nm sputtered and solution-processed
NiOx based champion devices under 1 Sun (100 mW/cm?) illumination.

NiOx Jsc Voc FF PCE Rs Rsh
(mA/cm?) \%) (%) (Ohm/cm?) (Ohm/cm?)

Sputtered  (F) 10.808 0916 0.49 4.807 0.051 225

(20nm)  (R) 10.8 11 051 58 0039 208

Solution  (F) 12.218 0.977 0.49 5.883 0.061 295

processed  (R) 12.251 1.052 0.53 6.791 0.036 214

The sputtered NiOx based device exhibited a Voc of 1.1 V, a Jsc of 10.8 mA ¢cm™, and
a FF of 0.51, resulting in a PCE of 5.8%. The solution-processed NiOx.based PSC
showed a slightly lower Voc (1.05 V), a higher Jsc of 12.2 mA ¢cm™, and an increased
FF of 0.53, resulting in a PCE of 6.8%. The solution-processed NiOx devices showed a
higher shunt resistance (reduced non-radiative recombination) than that of sputtered
NiOx counterpart which suggested a higher conductivity and better contact at the
perovskite/NiOy interface for solution-processed NiOx. These contribute to a higher

charge collection as evidenced by a higher Jsc in solution-processed NiOx based PSC.
3.1.1.7. Influence of Ceé0 Layer Thickness on the Device Performance

To investigate the role of the ETL and its interface with the perovskite absorber layer,
the device performance was investigated by employing solution processed NiOx as HTL
and Ceo as an ETL. Four different thicknesses (15 nm, 20 nm, 30 nm, and 45 nm) for
Ceso ETL were selected. The corresponding statistical data of the PV parameters (Fig.
3.10) showed a strong dependency on the thickness of Cso ETL. The PSCs fabricated
with a 15 nm Ceo layer showed the best PCE of 6.7%, a Jsc of 12.0 mA/cm?, a Voc of
1.0V, and a FF of 0.61. The relatively low performance may be because a too thin Ceo
layer cannot fully cover the perovskite film.!%” The device performance increased as the
film thickness increased to 20 nm and subsequently decreased for 30 and 45 nm thick
Ceo ETLs. We refer to Table 3.5 for detailed PV parameters. In brief, the 20 nm thick
ETL showed the highest Jsc, Voc, and FF and a champion PCE of 7.5% (average PCE
6.2%). This was attributed to an optimum Cso thickness, which provided complete
surface coverage and an optimum series resistance. A further increase in Ceo thickness
negatively impacted series resistance mainly affecting Voc and FF which led to a drop

in the final PCE.
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Figure 3.10: Statistical distribution of photovoltaic parameters of ten devices for
different thickness of Ceo layer in a device configuration ITO/NiOx/perovskite/Ceo

LiF/Cu.

Table 3.5. Photovoltaic parameters (average + std Deviation) of devices with
different Ceo layer thickness for ten devices per data point (row 1) and champion
device (row 2) under 1 Sun (100 mW/cm?) illumination.

Ceo Jsc Voc FF PCE Rs
Thickness (nm) (mA/cm?) V) (%) (Ohm/cm?)
15 11.0+0.53 09+0.11 052+0.06 54+0.76
(12.0) (1.02) (0.61) (6.7) (0.029)
11.7+0.82 1.0+0.04 0.54+0.06 6.2+0.76
20 (12.7) (1.02) (0.58) (7.5) (0.01)
11.7+0.60 09+0.07 0.53+0.03 5.9+0.72
30 (12.6) (1.03) (0.56) (7.2) (0.022)
11.3+0.64 0.9+0.07 049+0.03 55+0.7
+ (12.2) (1.02) (0.53) (6.8) (0.037)
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Thus an optimum Ceo layer thickness is desirable to provide a trade-off between surface
coverage and series resistance'®® which in this study is achieved for a 20 nm thin Ceo
ETL. The dark and light J-V curves of the champion device employing a 20 nm thick
Ceo ETL are shown in Fig. 3.11(a). The optimized device achieved a PCE of 7.5% with
a Jsc of 12.7 mA/cm?, a Voc of 1.02 V, a FF of 0.58 and negligible hysteresis.

3.1.1.8. EQE Measurement, MPP Tracking and Stability Test of Champion

Device

To validate the photocurrent of devices, the EQE measurement of the champion cell
was also carried out as shown in Fig. 3.11(b). The Jsc, EQE, calculated by integrating
IPCE spectra over the entire visible spectrum with the photon flux at 1 Sun conditions
yielded a Jsc of 12.44 mA/cm?, which matched with the measured Jsc of 12.71 mA/cm?

using J-V curves.

Figure 3.11: (a) J-V curves of the best-performing cell (active area of 0.133 cm?)
measured under 1 Sun (100 mW/cm?) illumination. (b) EQE spectrum of the
champion cell. (¢) Stabilized Jsc and PCE at maximum power point (held at 0.74
V). (d) Normalized PCEs as a function of storage time in the glovebox.

To further validate the performance of the PSCs, we tracked the PCE and Jsc of the

champion device at continuous illumination under 1 Sun at an output voltage of 0.74V.
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Fig. 3.11(c) showed a steady-state Jsc of 12.6 mA/cm? and a stabilized PCE of 7.4%.
This PCE value matched with the PCE calculated from the J-V curve. Notably, the
device retained its performance after continuous light soaking for 300 s. The stability
of the device as a function of storage time was also recorded. The devices were stored
in the glovebox and measured under standard AM 1.5 illumination. Fig. 3.11(d) showed
that the device efficiency initially increased and remained unchanged for 200 hours.

The PSC showed no sign of degradation, evidencing a stable performance.

In summary, systematic exploration of stoichiometric and non-stoichiometric CsPbl,Br
perovskites as an absorber layer in PSCs demonstrated that non-stoichiometric
CsPbl,Br showed improved stability in combination with favorable energetics and

better photovoltaic characteristics than its stoichiometric counterpart.

3.1.2. Bivalent Copper Cation Doping Strategy Enables Reduced Defect Density

and Improved Performance of Non-Stoichiometric CsPbi-xI2-xBr PSCs

B-site doping in ABX3 perovskite is regarded as a simple and effective strategy to
improve the PCEs of PSCs. Motivated by this fact a simple doping strategy was used
by employing an appropriate amount of Cu?* into a non-stoichiometric CsPb;.xI>.xBr
perovskite. Bromine salt is chosen to avoid additional impurities into the perovskite
films. As the ionic radius of Cu®*" (0.72 A) is smaller than that of Pb*>" (1.19 A), so
divalent Cu?" cations can easily replace the Pb*" ions in the lattice structure of CsPb-

xI2-xBr perovskite.
3.1.2.1. Dopant Optimization and Device Performance

Herein, we explored the effect of B-site doping on the properties of non-stoichiometric
CsPbixlb.xBr (IP) perovskite by incorporation of copper bromide (CuBr2) into
perovskite precursor solution. To investigate the effect of the Cu?" doping on the
photovoltaic performance of PSCs, the PSCs were fabricated having a configuration of
ITO/NiOy/perovskite/Ceo/LiF/Cu, by employing (IP) perovskite with different
percentages of Cu?* (2,3 and 5) as an absorber layer, solution processed NiOx as HTL
and 20 nm of Ceo as an ETL. Fig. 3.12 showed the statistical distribution of photovoltaic
parameters under 1 Sun (100 mW/cm?) light illumination with different percentage of
CuBr; and their corresponding values are summarized in Table 3.6. The data revealed
that the percentage of CuBr: has a significant impact on the photovoltaic parameters.

The device performance improved as the CuBr; percentage increased up to 2% and then
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started to decrease with 3% and 5% respectively. The lowest photovoltaic performance
was noted for 5% doped devices as shown in Fig. 3.12. The average FF values for the
IP and 2%, 3% and 5% CuBr; based devices were 0.56, 0.62, 0.60 and 0.47 respectively.
The trend of photovoltaic parameters suggested that the change in performance was

governed by different charge extraction and recombination rate.

Figure 3.12: Statistical distribution of photovoltaic parameters (six devices of each
type) for pristine and with different percentage CuBr: devices.

Table 3.6. Photovoltaic parameters (average + std Deviation) of PSCs with
different percentage of CuBr: for six devices of each type with an active area of
0.133 cm? extracted from J-V measurements under 1 Sun (100 mW/cm?)
illumination.

CuBr: (%)  Jsc(mA/cm?) Voc (V) FF (%) PCE (%)
0 11.65 £ 0.69 1.01 £0.03 0.56 £0.05 6.53 £ 0.60
2 11.96 + 0.38 0.95 1+ 0.06 0.62 +£0.03 7.02£0.75
3 10.85 +0.95 0.96 £0.07 0.60 +0.05 6.15+0.44
5 9.64 +1.35 0.81+0.14 0.47 +£0.06 3.69+1.04
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For these results it appeared that the highest PCE of 7.02% was obtained by the 2%
CuBr based devices. The PCE improvement was mainly ascribed to the increase in FF
and Jsc. The FF values of the PSCs enhanced notably from 0.56 for IP to 0.62 for 2%
CuBr>. The Jsc of the PSCs was slightly improved from 11.65 to 11.96 mA cm 2 for 2%
CuBr,. The FF and Jsc improvement were mainly resultant from the improved
morphology, reduced non-radiative recombinations and efficient charge extraction
ability of IPCu 2%. devices. Thus 2% is selected as the optimum CuBr; percentage for
devices with the selected configuration. In further discussion the 2% CuBr2 doped non-

stoichiometric perovskite will be termed as IPCu.
3.1.2.2. Structural Analysis

The photographs of the perovskite precursor solutions with the addition of CuBr:
showed that the color of the perovskite precursor solution changed to brown from
yellow but did not affect the color of the fabricated perovskite film (3.13(a)). In order
to analyze the structure, XRD measurements of IP and IPCu films after annealing at 40

°C for 4 minutes and 150 °C for 5 min were performed and the results are shown in

Fig. 3.13(b).

Figure 3.13: (a) The photographs of IP and IPCu precursor solutions and
fabricated perovskite films. (b) XRD patterns of IP and IPCu thin films.
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The XRD diffraction peaks at 20 around 15° and 30° correspond to the (100) and (200)
planes of a-phase CsPbl,Br perovskite, inferring a preferential growth direction along
the (100) and (200) planes of the grains in the perovskite films.!® No impurity peaks
were detected, indicating that fabricated perovskite films were phase pure with cubic
structures and the Cu?‘substitution preserves the structure of the perovskite host.!”
Moreover, the calculated crystallite size of the IPCu (34.24/47.82 nm) is smaller than
that of IP perovskite (37.33/49.23 nm). In addition, the peak positions of fabricated
IPCu film slightly shifted toward higher angle which depicted the successful
incorporation of Cu?" into the B-site of the IP lattice. The Cu?" cation has a smaller
ionic radius (72 pm) than Pb*>* (120 pm), which decreased the size of the perovskite

lattice and thus reduced the crystallite size.
3.1.2.3. SEM and AFM Analysis

In consideration of the fact that the morphology of perovskite film has a significant
effect on PSC performance, we examined the surface morphologies of both perovskite
films by top view SEM images and the results are shown in Fig. 3.14(a and b). After
doping the perovskite film exhibited a compact morphology without any pinholes. To
ensure the presence of Cu?" and to analyze its distribution in the IPCu perovskite film,
EDX spectroscopy was performed. As shown in Fig. 3.14(c), all perovskite elements

were uniformly distributed on entire perovskite film.

The top-view AFM was also performed and the corresponding images of pristine IP and
IPCu perovskite films, shown in Fig. 3.14(d and e), again manifested the formation of
compact film without any pinholes. Moreover, the RMS of the IPCu (13.7 nm) was
smaller than that of the IP (25.0 nm), which proved beneficial to minimize the contact
resistance.!”! Consequently, it is safe to state that the incorporation of an optimal
quantity of Cu?’ into the perovskite structure enabled the formation of a compact and
smooth perovskite film. The better perovskite film quality with reduced defect density

and charge recombination plays a vital role in acquiring high-performance PSCs.
3.1.2.4. Optoelectronic Properties of IP and IPCu Perovskites

To further investigate the effect of Cu?>" doping on enhanced device performance, some
important optoelectronic properties of IP and IPCu perovskites were also investigated.
The UV-Vis absorption spectra of IP and IPCu films were collected and compared in
Fig. 3.15(a). Notably, the IPCu film showed enhanced optical absorption suggesting
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improved light absorption ability of doped devices.

Figure 3.14: Top-down SEM images of the (a) IP and (b) IPCu films. (¢) EDX
mapping images of IPCu perovskite film. AFM image of the (d) IP and (e) IPCu
films.

The calculated bandgap by Tauc plot given in Fig. 3.15(b) suggested a value of 1.87
eV for IPCu perovskite film. The value of the highest occupied molecular orbital
(HOMO) for IPCu perovskite film from PESA measurements was estimated to be
5.21¢eV (Figure 3.15 (¢)). Thus, by using the bandgap values from the absorption
spectra and HOMO values from PESA, we inferred the values of the conduction band

minimum. The calculated energy level diagram of the fabricated PSC is displayed in
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Fig. 3.15(d). The band-edge positions of NiOx, Ceo, IP and work functions of ITO and
Cu are taken from the literature.!”>!”3 The resultant energy level diagram shows that the
incorporation of CuBr; reduces the barrier between the interfaces allowing efficient

extraction of charges and improving the charge transport effectively.

Figure 3.15: (a) UV-Vis absorption spectra. (b) Optical band gap calculated by
using Tauc plot. (¢) PESA measurements of IPCu thin film. (d) Energy level
diagram of the fabricated PSC.

To further investigate the defect and recombination dynamics in IP and IPCu perovskite
films, SSPL and TRPL spectra were recorded and shown in Fig. 3.16 and the TRPL
fitting parameters are listed in Table 3.7. The SSPL spectrum of the doped perovskite
film on glass (non-quenching substrates) showed higher PL emission. Such a substantial
increase in PL emission intensity manifests a higher radiative yield due to a smaller trap
density. This is further confirmed by the TRPL curves of both samples. The IPCu
perovskite displayed a smaller decline in the intensity during the first few ns, which is
another indication of reduced nonradiative recombination sites in the film,!”* which in
this work is obtained by CuBr> doping. The increase in 11 with a decrease in 12 for [PCu
perovskite film compared to IP film manifests reduced nonradiative recombination at

the interface and fewer defects in doped perovskite.
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Figure 3.16: (a) PL steady state and (d) TRPL spectra of IP and IPCu films on
glass.

Table 3.7. The fitting parameters for TRPL decay curves, band gap and VBM
values obtained for IP and IPCu perovskite.

Parameters T1 (NS) T2 (NS) Band Gap VBM
IP 7.37+0.11 25.8+2.60 1.91 5.25
IPCu 122+1.34  24.7+0.86 1.88 5.21

3.1.2.5. Photovoltaic Performance, MPPT and EQE Measurement of Champion
PSC Device

The J-V curves of the champion device in forward (F) and reverse (R) directions under
1 Sun (100 mW/cm?) are shown in Fig. 3.17(a). The device demonstrated a Jsc of 12.26
mA/cm?, a Voc of 1.03 V with a FF of 0.67 and PCE of 8.39% in the forward scan and
Jsc of 12.34 mA/cm?, a Voc of 0.99 V with a FF of 0.65 and PCE of 7.91% in the

reverse scan.

To validate the performance of the fabricated device, we tracked the PCE of the
champion device at continuous illumination under 1 Sun at an output voltage of 0.77V.
Fig. 3.17(b) showed a stabilized PCE of around 8%. The PCE value matched with the
PCE obtained from the J-V curves. Notably, the device retained its performance after
continuous light soaking for 300 s. To further validate the photocurrent of our devices,
we also measured the EQE of the champion cell as shown in Fig. 3.17(c). The Jsc EQE,
calculated by integrating IPCE spectra over the entire visible spectrum with the photon
flux at 1 Sun conditions yielded a Jsc of 12.40 mA/cm?, which well matched with the

measured Jsc using J-V curves.
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Figure 3.17: (a) J-V curves of the best-performing IPCu device (active area of
0.133 cm?) measured under 1 Sun (100 mW/cm?) illumination. (b) Stabilized PCE
at maximum power point (held at 0.77 V). (¢) EQE spectrum of the champion cell.

In summary, Cu** doped CsPbi.xI>.xBr perovskite was synthesized. The structural,
photophysical and morphological analysis demonstrated that an appropriate amount of
Cu?" can enhance the optoelectronic properties of the perovskite film and reduce the
defects in perovskite film thus leading to improvement in the performance of fabricated

PSC devices.
3.2. Surface Treatment of CsPbl2Br Perovskite

The surface treatment of CsPbl:Br perovskite was carried out using two distinct
methodologies. One method involved the IPA treatment to modify the perovskite
surface, while the other one utilized the Lewis acid-base passivation method to

passivate the CsPbl,Br surface with EDA.

3.2.1. Surface Modification of CsPbI2Br for Improved Performance of Inorganic

Perovskite Solar Cells I

The main obstacle in achieving highly efficient PSCs lies in the fabrication of a high-

quality perovskite absorber layer. Herein, in this study, we present a method for surface
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treatment of the CsPblLBr layer with IPA. In this method, the perovskite material was
synthesized through solution processed method followed by solvent post-treatment,
which involves the dipping of fabricated perovskite films in IPA for a specific time. The
CsPbI>Br perovskite film was spin coated on the top of NiOx by a previously reported
method.'*® The schematic illustration for the perovskite treatment with IPA is presented
in Fig. 3.18(a). This method involves the dipping of fabricated perovskite films in IPA
for a specific time followed by drying at 40 °C.

3.2.1.1. Structural and Morphological Studies

The crystal structure of the IPA-treated CsPbl>Br films was examined using XRD as
shown in Fig. 3.18(b). The diffraction pattern showed peaks at 26 = 14.7°and 29.7°,
which could be assigned to the (100) and (200) crystal planes corresponding to the cubic
phase of CsPbl:Br perovskite.!”® XPS was used to investigate the effect of surface
treatment on the surface composition of the CsPbBr films (Fig. 3.18(c)). Based on the
XPS results, the Pb 4f7 and I 3ds/» peaks exhibited almost similar positions (138.5 eV
for Pb and 619 eV for I) and shapes for both pristine and IPA-treated samples indicating
that there was no change in surface stoichiometry. However, a slight modification in
the C 1s spectra was observed. The IPA-treated perovskite demonstrated less adsorbed
carbon in comparison to the pristine CsPbl2Br. As the XPS spectra reveal the presence
of different functional groups resulting from the adsorption of compounds at the active
sites and grain boundaries. 175 Here, the reduced carbon absorption in the treated
perovskite film suggests the existence of active sites that promote better top layer
growth. This, in turn, results in a better interface between the perovskite and the ETL
ultimately facilitating efficient charge extraction at the interface as complemented by

the PESA and PL studies in the next section.

Further, the surface morphology of perovskite films was investigated using SEM, and

the results are shown in Fig. 3.19(a). Both types of perovskites showed compact

1 Part of this section has been published (reproduced with permissions):

Fatima, K., Haider, M. 1., Bashir, A., Qamar, S., Qureshi, A. A., Akhter, Z., & Sultan, M.
(2022). Surface modification of CsPbl,Br for improved performance of inorganic perovskite
solar cells. Physica E: Low-dimensional Systems and Nanostructures, 142, 115265.

DOI: 10.1016/j.physe.2022.115265
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Figure 3.18: (a) Schematic representation of the process for the preparation of the
IPA treated CsPbI:Br film. (b) XRD pattern of the IPA-treated CsPbI>Br film. (¢)
High-resolution XPS spectra of the Pb 4172, I 3ds2 and C 1s from the perovskite
film surface (upper panel) and with IPA treatment (lower panel).

Figure 3.19: (a) Top-down SEM image of pristine and IPA treated film. (b) AFM
images of pristine and IPA treated perovskite films.
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morphology with irregular grains with no significant difference in the morphology of
perovskite upon treatment. Fig. 3.19(b) showed the AFM images of the pristine and
IPA-treated films. The IPA-treated film exhibited a smoother surface with a smaller
root-mean-squared roughness (RMS) of 39.2 nm in comparison to that of the pristine

film (RMS 41.6 nm) which was suitable for minimizing the contact resistance.
3.2.1.2. Process Optimization and Device Performance

Furthermore, the perovskite devices were fabricated to see the effect of post-treatment
on the performance of the devices. The device performance was optimized by adjusting
the dipping time for the post-treatment of CsPbloBr perovskite with IPA. The
corresponding statistical data of the photovoltaic parameters (Fig. 3.20 and Table 3.8)
of inorganic PSCs showed a strong dependency on the dipping time. When compared
to the pristine sample, devices with 5 minutes of dipping time showed better
performance which could be most likely ascribed due to improvement in the quality of

the perovskite film.

Figure 3.20: Statistical distribution of photovoltaic parameters (eleven devices of
each type) for IPA post-treatment for different time.
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Table 3.8. Photovoltaic parameters (average = std Deviation) of devices with IPA
treatment for different time for eleven devices per data point (row 1) and
champion device (row 2) under 1 Sun (100 mW/cm?) illumination.

IPA Treatment Jsc PCE Rs
Voc(V)  FF (%)
minutes (mA/cm?) (%) (Ohm/cm?)

7.7+0.7 094002 0.58+0.04 42+0.5

0 9.1) (0.9) (0.57) (5.2) (0.06)
83+ 1.0 1.0+0.02 0.62+0.06 5.2+0.9

> (9.0) (1.0) (0.66) (6.3) (0.025)
10 8.6+0.8 1.0+0.04 0.68+0.04 6.1+0.9

9.7) (1.1) (0.69) (1.3) (0.019)
15 7.6+0.9 1.0+0.03 0.64+0.04 49+0.7

(8.5) (1.0) (0.68) 6.1) (0.022)

The device performance was further increased by increasing the dipping time up to 10
minutes. The highest PCE (7.3%) was obtained at a dipping time of 10 minutes, which
was selected further as the optimal time for further fabrication of devices. By increasing
the dipping time further up to 15 minutes a decline in the FF and Jsc was observed
(Fig.3.20). As depicted in Table 3.8 the improvement of about 200 mV in the Voc (1.10
V) was observed for the PSCs containing 10 mint IPA treated perovskite film as
compared to the pristine devices (0.9 V). The improvement observed in the Voc
corresponds to efficient charge extraction, which was further evaluated by PL and PESA

measurements, discussed later in this section.

Moreover, the IPA-treated device showed lower series resistance (Rs = 0.019 Ohm/cm?)
compared to the pristine device (Rs= 0.06 Ohm/cm?) which led to an improvement in
FF and ultimately PCE. The pristine device had a low PCE of 5.2%, a Voc of 0.9V, a
Jsc of 9.1 mA cm? and a FF of 0.57. Notably, the IPA-treated device showed improved
photovoltaic parameters (Voc 1.1V, Jsc 9.7 mA cm ™2, FF 0.69, PCE 7.3%). The reduced
hysteresis index (HI = 0.03) in IPA treated device as compared to pristine (HI= 0.13)

would be most likely because of lower trap state density in the perovskite layer.!”
3.2.1.3. Photophysical Properties and their Impact on Device Performance

To get insight into improvement in device performance photo-physical properties were

recorded by UV-Vis absorption and SSPL spectra of both pristine and [PA-treated
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perovskite films. Fig. 3.21(a) presents the UV-Vis absorption spectra of the pristine and
[PA-treated films. The two films showed the same absorption edge at 656 nm. However,
a slight increase in the absorbance was detected for the IPA-treated film which implied
that [PA-treated film can absorb more light. The emission spectra (Fig. 3.21(b)) showed
that the emission peak of IPA-treated film is slightly red-shifted than that of the pristine
perovskite film. This means that IPA treatment slightly altered the light absorption

behavior of perovskite film which can contribute to improve the performance of PSC.

Figure 3.21: (a) UV-Vis absorption spectra. (b) SSPL spectra of pristine and IPA-
treated perovskite on glass. (c) TPC measurements of pristine and IPA-treated
devices. (d) Energy level diagram of each layer in the fabricated PSC stack.

The improved device performance was further analyzed by calculating carrier dynamics
in the complete device stack using transient photocurrent (TPC) measurements as
shown in Fig. 3.21 (c¢). The results showed that rapid photocurrent decay is observed in
the [PA-treated devices as compared to the pristine devices which confirms the better
charge extraction capability of [PA-treated films. The obtained decay time for IPA
treated device and pristine device is 0.71 and 0.94 us, respectively. The IPA-treated
device showed rapid photocurrent decay, well explaining the trend with the highest Jsc

observed in Fig. 3.20(c).
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The SSPL and TRPL measurements were conducted further for the pristine and IPA-
treated CsPbI>Br films with the configuration of glass/ITO/NiOx/CsPbl>Br. The results
are demonstrated in Fig. 3.22(a and b).

Figure 3.22: (a) SSPL and (b) TRPL spectra of the pristine and IPA-treated
perovskite films on ITO/NiOx. (¢) PESA measurements of pristine and (d) IPA-
treated thin films.

It 1s supposed that the higher PL quenching (i.e., lower PL intensity) corresponds to
more efficient charge injection (or separation) from the light absorber material to the
charge transport layer.!”” IPA treatment on perovskite surface remarkably reduced the
PL intensity, indicating reduced defect density and enhanced hole extraction capability
by the same HTL as compared to pristine perovskite film. Meanwhile, the TRPL
measurement also showed a coherent result by PL decay lifetimes. Fig. 3.22(b)

indicated PL decay curves which were further evaluated by a bi-exponential rate law:

f ()= Arexp (-t/t1)+Azexp (-t/12) (3.1)

Where A1 and A; represent the relative amplitudes, while 7; and 72 indicate the fast and

178

slow recombination lifetimes respectively. In perovskite/HTL samples, 71 is
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associated with the process of charge extraction by HTL from perovskite, while 7, is
ascribed to the trap-assisted non-radiative recombinations.!” According to the TRPL
fitting results, the pristine CsPbl.Br/NiOx sample had a 71 value of 24.5 ns while the
[PA-treated CsPbl2Br/NiOx had a 71 value of 6.4 ns, indicating a more efficient
extraction of charges at the NiOx and IPA treated CsPbl>Br interface. Furthermore, the
IPA-treated CsPbloBr/NiOy exhibited a larger 72 (15.4 ns) than pristine CsPblxBr/NiOx

(8.2 ns) demonstrating fewer defects which are in accordance with the result of SSPL.

To determine the VBM values, the PESA measurements of pristine and [PA-treated
CsPblLBr based perovskite films was performed in the air. The energy level diagram of
different layers used for the fabrication of PSCs is shown in Fig. 3.21(d). The calculated
VBM for pristine and [PA-treated CsPbl>Br films was -5.37 and -5.48 eV as shown in
Fig. 3.22(c and d). The CBM values for pristine and [PA-treated perovskite are -3.47
and -3.59 eV which were determined from PESA and PL spectroscopy. The band edge
positions of NiOx and Cgp are taken from the literature.!’”>!”3 The CBM of IPA-treated
CsPbLBr is slightly lower and nearer to the conduction band of Cso as compared to
pristine CsPbl,Br which also effectively promotes efficient electron extraction.
Interestingly, these results are also in excellent agreement with the results shown by

TPC measurements.
3.2.1.4. Photovoltaic Performance and EQE Measurement

The J-V curves of the champion PSCs fabricated by the Pristine and IPA-treated
CsPbLBr films under 100 mWcem 2 illuminations are shown in Fig. 3.23(a), and the
corresponding photovoltaic parameters are summarized in Table 3.9. The best pristine
device exhibited a low PCE of 8.2%, with a Voc of 1.00 V, a Jsc of 12.7mA c¢cm™2, and
a FF of 0.64. Notably, all the photovoltaic parameters for the IPA-treated PSC
significantly improved (Voc 1.14 V, Jsc 13.0 mA cm 2, FF 0.66), leading to a higher
PCE 0f 9.7%.

EQE measurements were also carried out for best pristine and [PA-treated PSCs as
shown in Fig. 3.23(b). The [PA-treated PSC showed higher EQE values ranging from
350 nm to 650 nm with a maximal value of 87% as compared to the pristine device.
The Jsc EQE calculated by integrating the EQE spectra yielded a Jsc of 12.9 mA cm ™2,
and 13.5 mA cm for pristine and IPA-treated devices, respectively matching well with

the Jsc (12.7 mA cm™ and 13 mA cm2) obtained from J-V curves (Fig. 3.23(a)). This
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significant enhancement in the performance of the devices treated with IPA is ascribed

to the collective effects of improved charge collection property of the CsPbI>Br films.

Figure 3.23: (a) Current density-voltage curves of the champion pristine and IPA
treated cells measured at 1 Sun (100 mW/cm?) illumination. (b) EQE spectra of
the best performing cells.

3.2.1.5. Device Stability

The PCE and Jsc of fabricated devices were further confirmed by MPPT for 300s
(MPPT was conducted when the devices exhibited highest efficiency). Fig. 3.24(a)
illustrates the photocurrent density and the corresponding stabilized PCEs. The
performance of the fabricated PSCs remains unchanged even after continuous light
soaking for 300 seconds, indicating that the stability of the device is not affected by the
solvent treatment. After performing MPPT, the J-V curves of the CsPbl2Br based PSCs
were measured and depicted in Fig. 3.24(b). The [PA-treated device showed a PCE of
9.8 %, a Jsc of 12.9 mA/cm? with a Voc of 1.1 V and a FF of 0.68 in forward scan and
a PCE of 10.0 %, a Jsc of 12.9 mA/cm? with a Voc of 1.1 V and a FF of 0.69 in reverse
scan. The IPA-treated device exhibited significantly improved efficiency and reduced
hysteresis compared to the pristine device (Table 3.9). This improvement could be
attributed to the decreased defect density and efficient electron extraction. The stability
of pristine and IPA-treated PSCs as a function of storage time was also recorded. The
devices were stored in the glovebox and measured under standard AM 1.5 illumination.
The normalized PCE of the unencapsulated devices is shown in Fig. 3.24(c). Both
devices showed a similar trend. First, the device efficiency initially increased and
remained unchanged 160 hours demonstrating that IPA post-treatment led to improved

device performance without compromising stability.

82



Chapter 3

Results and discussion

Figure 3.24: (a) Stabilized Jsc and PCE at MPP. (b) J-V curves of devices after
MPPT. (c¢) Normalized PCEs of the pristine and IPA-treated PSCs as a function
of storage time in the glovebox.

Table 3.9. Photovoltaic parameters of forward (F) and reverse (R) scan of
champion pristine and IPA treated device measured before and after MPPT.

PSC device Jsc Voc FF PCE Rs HI
(mA/ecm?) (V) (%) (%) (Ohm/cm?)

Pristine Before (F) 12.9 097 060 7.4 (0.027) 0.1
(R) 12.7 1.00 0.64 82 (0.025)

After (F) 12.70 097 059 72 (0.027) 0.08
(R) 12.75 098 062 7.8 (0.025)

IPA treated Before (F) 13.0 .13 0.62 9.1 (0.027) 0.06
(R) 13.0 1.14  0.66 9.7 (0.016)

After (F) 12.9 .11 0.68 9.8 (0.013) 0.02
(R) 12.9 1.13 0.69 10.0 (0.013)

Thus, a simple approach of surface treatment for CsPboBr film was established which

not only passivates perovskite defects but also facilitate the electron transfer from

perovskite to ETL, leading to higher photovoltaic performance.
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3.2.2. Amine-based Passivating Material to Improve the Performance of CsPbI:Br

Based Perovskite Solar Cells

This part demonstrate a defect post-passivating method to increase the performance of
CsPbL:Br based PSC having the architecture of ITO/NiOx/CsPblaBt/EDA/Ceo/LiF/Cu.
The selected passivating material for CsPbl>Br films is an amine-based material. The
CsPbDBr films were prepared by a one-step spin-coating method as described in the
device fabrication section. Afterward, a 0.009% solution of EDA in chlorobenzene was

spin-coated on the top of the perovskite film.
3.2.2.1. Structural Analysis

The CsPbLLBr films were subjected to XRD measurements to investigate the effect of

EDA treatment on the crystallinity and phase purity of the perovskite.

Figure 3.25: XRD pattern of the pristine and EDA treated CsPbI:Br thin films.

As shown in Fig. 3.25 both types of perovskites displayed intense diffraction peaks at
14.7° and 29.6° corresponding to the (100) and (200) lattice planes of the perovskite
film. There is no prominent change in the peak position of perovskite films with or

without treatment, indicating that the EDA molecule are not diffusing within the crystal
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lattice of perovskite but only exist at the grain boundaries (GBs) or surfaces.

3.2.2.2. Morphological Studies

The surface morphology of the fabricated perovskite films was investigated by top-
view SEM analysis. As shown in Fig. 3.26(a), SEM images showed similar morphology

with irregular grains.

Figure 3.26: (a) Top-down SEM image (b) EDX elemental mapping of EDA
treated film. (c) AFM images of pristine and EDA treated film.

To determine the distribution of the EDA through the perovskite film, EDX mapping
on EDA-treated perovskite film was conducted as shown in Fig. 3.26(b). The
homogeneous distribution of Cs, Pb, I, and Br in the perovskite layer indicates the
uniform distribution of perovskite elements. Notably, the presence of C and N elements
in treated perovskite, is an element marker for EDA, while it is absent in the pristine
perovskite. C and N elements are present throughout the entire treated perovskite layer,

suggesting the existence of EDA on the perovskite layer. Furthermore, as EDA cannot
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be incorporated into the perovskite lattice, as evidenced by XRD analysis, the molecule
is most likely located at the surface or grain boundaries of the CsPbl,Br film. AFM
analysis also displayed no change in the morphology of perovskites as shown in Fig.
3.26(c) and revealed that passivation could result in a smoother film as shown by
smaller RMS (33.8 nm) of EDA treated perovskite compared to pristine perovskite
(RMS = 41.6 nm) which will help in efficient charge extraction.'®*

3.2.2.3. X-ray Photoelectron Spectroscopic (XPS) Analysis

XPS is conducted for pristine and EDA-treated perovskite to investigate the interaction

between CsPbl,Br and EDA (Fig. 3.27).

Figure 3.27: a) XPS survey spectra of pristine and EDA-treated CsPbI2Br films.
(b-f) Corresponding high-resolution XPS spectra of the N 1s, Cs 3d, Pb 4f, I 3d
and Br 3d core levels, respectively.

The existence of EDA can be proved by the presence of N Is peak and considerably
higher C 1s peak at 284.6 eV in treated perovskite. Beside that, the binding energies of
Pb 4f peaks in treated perovskite shifted to low binding energy confirming the

interaction between uncoordinated Pb?>" and EDA which are typically identified as
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recombination sites. Furthermore, the XPS peaks of Cs, I and Br 3d also showed similar
variations which could be attributed to the increase in electron density on CsPbl,Br
surface, which originates from the transfer of electrons from N atoms in the amino

group of the EDA to perovskite.
3.2.2.4. Photophysical Properties

To get insight into photophysical properties UV-Vis absorption and PL spectroscopy
were carried out. The UV-Vis absorbance spectrum (Fig. 3.28(a)) depicts that the

perovskite film absorbance was enhanced after EDA treatment.

Figure 3.28: (a) UV-Visible absorption spectra (b) SSPL (¢) TRPL spectra of
perovskite films on glass. (d) PESA measurements of pristine and (e) EDA treated
thin films.
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The effect of EDA treatment on recombination dynamics of CsPbl>Br films was
investigated through SSPL and TRPL of the perovskite films on a glass substrate.
Typically, higher PL intensity imply a reduction in non-radiative recombination. '8
Furthermore, a slight blueshift was also discerned along with enhanced PL intensity
which also suggests defect passivation after EDA treatment.!'®1-183 Secondly the TRPL
spectra (Fig. 3.28(c¢)) revealed a longer carrier lifetime of the perovskite film subjected
to EDA treatment. The corresponding TRPL fitting parameters are listed in Table 3.10.
The 71 increased to 7.7 ns for treated perovskite film compared to 6.7 ns for the pristine
film which manifests reduced nonradiative recombination at the interface and fewer
defects in EDA treated perovskite.

Table 3.10. TRPL fitting parameters obtained by fitting the TRPL curve through
the bi-exponential decay function.

Parameters T1 T2 A1 Az
Pristine 6.7+0.02 269+0.20 0.8 0.2
EDA Treated 7.7+044 183+0.46 0.4 0.6

PESA measurements were carried out to study the effect of passivation on the surface
band structure. As shown in Fig. 3.28(d and e) the calculated VBM values for pristine
and treated perovskite are -5.37 eV and -5.31 eV respectively. This difference may lead
to the efficient hole extraction from perovskite to NiOx HTL in PSCs, thus feasibly

minimizing hole recombination at the perovskite/HTL interface.
3.2.2.5. Device Performance and Process Optimization

The effect of EDA passivation on photovoltaic parameters was then studied by
fabricating an inverted PSCs having architecture (ITO/NiOx/CsPbloBt/EDA/Cgo/LiF
/Cu). The performance of the devices was evaluated, and the corresponding statistical
distribution of photovoltaic parameters are summarized in Table 3.11 and Fig. 3.29.
The device without EDA passivation demonstrated an average Voc of 0.97 V, a Jsc of
11.0 mAcm™, a FF of 0.55, and a PCE of 5.9% under 100 mWcm™ irradiation in the
reverse scan direction. The photovoltaic parameters increased with increasing EDA
concentration. With 0.009% EDA, solar cells exhibited the highest average PCE of 7.3
%, with a Voc of 1.04 V, a Jsc of 11.9 mAcm™ and a FF of 0.57. The improvement in

Voc and FF for the passivated devices indicated that the perovskite surface defects have
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been successfully passivated by EDA. With a further increase of the EDA concentration
to 0.015%, the Voc and FF exhibited a slight decrease, probably due of increase in
internal series resistance because of insulating nature of EDA (Table 3.11) which also

retards the charge transfer at the interface.!®!

Figure 3.29: Statistical distribution of photovoltaic parameters (six devices of each
type) for EDA treatment for different times.

Table 3.11. Photovoltaic parameters (average * std Deviation) of EDA treated
devices for six devices per data point (row 1) and champion device (row 2)
extracted from J-V measurements under 1 Sun (100 mW/cm?) illumination.

EDA Jsc Voc FF PCE Rs
(%) (mA/cm?) V) (%) (%) (Ohm/cm?)
11.0+1.14 097+0.05 0.55+0.03 59+0.63
(12.8) (1.03) (0.53) (7.1) (0.028)
11.9+0.59 1.04+0.07 0.57+0.07 73+1.41
0.009%
(12.5) (1.11) (0.66) (9.4) (0.022)
12.0+0.76 097 +0.06 0.56+0.05 6.7+1.14
0.015%
(13.1) (0.97) (0.60) (8.3) (0.029)
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Based on the results from PESA measurements (Fig. 3.28(d and e)) energy level
diagram of different layers in PSCs is constructed as depicted in Fig. 3.30(a). The J-V
characteristics of champion pristine and EDA treated CsPbl2Br based PSCs under 1 Sun
(100 mW/cm?) illumination conditions are shown in Fig. 3.30(b). The pristine device
has a low PCE of 7.1%, a Voc of 1.03 V, with a Jsc of 12.8 mA cm 2 and a FF of 0.53.
Notably, the EDA treated device demonstrated improved photovoltaic parameters
(Voc 1.11V, Jsc 12.5 mA cm 2, FF 0.66) that results in a higher PCE of 9.4%. This
improvement in the Voc corresponds to defect passivation and efficient charge
extraction, which is further evaluated by TPC measurements, later discussed in this
section. Additionally, the EDA treated device exhibited lower series resistance
(Rs =0.022 Ohm/cm?) in comparison to the pristine device (Rs=0.28 Ohm/cm?)

which led to an enhancement in FF and PCE.
3.2.2.6. Transient Photocurrent (TPC) Measurements

The enhanced device performance by EDA treatment was further analyzed using TPC
measurements which investigate the charge carrier extraction ability in the complete

device stack as shown in Fig. 3.30(c).

Figure 3.30: (a) Energy level diagram for fabricated PSCs. (b) J-V curves of the
champion pristine and EDA treated cells measured at 1 Sun illumination. (¢) TPC
measurements of devices. (d) Stabilized PCE at MPP.
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The photocurrent decay curve provides the correlation between the device performance
and charge dynamics at short circuit current conditions. The TPC measurement
demonstrated rapid photocurrent decay (short decay time) in the case of EDA treated
device compared to the pristine device. This rapid decay indicates a better charge
extraction ability for EDA treated device than the pristine which agrees with the high
Jsc and FF values for the treated device. These results are consistent with PL and PESA
measurements thus again affirming that passivation facilitates the charge extraction

efficiency and leads to superior performance of PSCs.
3.2.2.7. Maximum Power-Point (MPP) Tracking

To further validate the performance of the PSCs, MPP tracking was carried out for both
types of PSCs. The MPP tracking profiles (Fig. 3.30(d)) showed that fabricated PSCs
retain their performance after continuous light soaking for 300 s showing that EDA
treatment did not affect the stability of the device. The PCE values measured through
MPP tracking of best devices are 7% and 9% for pristine and EDA treated devices

respectively, which are in accordance with the PCE values obtained from J-V curves.

Thus, in summary, a simple and effective approach to improve the performance of PSCs
by surface passivation was demonstrated. The simplest amine based passivating
material EDA was used which neutralizes charge and prolongs the charge carrier
lifetime within the device. As a result, the fabricated PSCs with EDA passivation

demonstrated remarkably improved performance than that of the reference device.

3.3. Hybrid Harvester Device: Synergistic Solar and Mechanical Energy

Conversion for Sustainable Energy Harvesting

To develop an effective strategy to simultaneously harvest multiple types of
environmental energies, the concept of a hybrid energy harvester was proposed. This
idea incorporates the photovoltaic and piezoelectric effect in a single device for solar
and mechanical energy harvesting, to enable the efficient and complementary use of
energy resources. Moreover, the development of a photovoltaic (PV) derived hybrid
power system is the potential solution to mitigate the reliance on the weather for
electricity production which is the main limitation of solar cells. Herein, a hybrid device
was developed via the integration of a PSC and PENG which can harvest both solar
energy and mechanical energy. The fabricated device has an architecture of

PET/ITO/ZnO nanorods/IPPVP/spiro-OMeTAD/Au.
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For the fabrication of the PSC/PENG hybrid device, an ITO-coated PET substrate was
used. First, a ZnO seed layer was deposited on the top of the PET/ITO substrate by a
spin coating method. Then, ZnO nanorods were synthesized on the top of ZnO seed
layer. Subsequently, perovskite and spiro-OMeTAD layers were spin-coated on ZnO
nanorods to form a p-i-n structure. Gold electrodes were deposited by thermal
evaporation on the spiro-OMeTAD as the top electrode. Then, the flat copper strips
were bonded to the PET/ ITO and gold electrodes using conductive silver epoxy,
followed by soldering of copper wires to the copper strips. Finally, the device was
encapsulated in a lamination pouch by using a hot press. Detail of the device fabrication

procedure is given in section 2.3.2.

As the measurement of hybrid harvester device were carried outside the glovebox in
ambient condition so a perovskite with high moisture tolerance was needed. In the
previous section (3.1.1) it was explained that slight change in the stoichiometry of
CsPbl>Br can enhance the ambient stability along with improved device performance.
To further increase the phase stability of the resulting perovskite (non-stoichiometric
(IP)) a different strategy was adopted which involve the addition of polymer into the
perovskite. The polyvinylpyrrolidone (PVP) polymer was selected owing to its ability
to increase the ambient stability of perovskite.!3*136 This method involves the addition
of different weight percent (1%, 1.5% and 2%) of PVP into the perovskite precursor
solution followed by the fabrication of perovskite film by spin coating method as given

in section 2.3.2.3.
3.3.1. Stability Measurements of Perovskite Films

To examine the effect of polymer on the phase stability of perovskite the IP and PVP
incorporated perovskite films were exposed to ambient conditions (at room
temperature, average humidity of 60-70%) and the results are shown in Fig. 3.31(a).
The IP film showed a change from the perovskite to the non-perovskite phase after
being exposed to ambient conditions. However, PVP-incorporated perovskites (IPPVP)
exhibited enhanced phase stability and with the increase in PVP percentage, it increased
further demonstrating that the PVP addition can improve the phase stability of
perovskite film. This enhanced phase stability could be attributed to the hydrophobicity
of the PVP polymer and its strong interaction with the perovskite. Additionally, PVP
molecules can absorb water and build a solid moisture barrier around the perovskite

grains thus allowing only a very small amount of water to pass.'®’
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3.3.2. X-ray Diffraction (XRD) analysis

XRD measurements were performed to investigate the structure of the perovskite films

with the addition of PVP, and the resultant pattern is shown in Fig. 3.31(b).

Figure 3.31: (a) Comparison of the air stability of the IP and IPPVP perovskite
films. (b) XRD patterns of perovskite thin films.

For the controlled IP film, two prominent peaks at 14.7° and 29.7° correspond to (100)
and (200) planes of a cubic perovskite phase, demonstrating the preferred growth
orientation and high crystallinity of the perovskite.'?* However, with PVP addition to
the perovskite several additional peaks have emerged which depicted that PVP
incorporation changed the growth kinetics and crystallization of the perovskite. The
crystallite size was calculated by using the Scherrer formula and found to be 47.90 nm
(IP), 41.6 nm (IPPVP 1%), 40.8 nm, (IPPVP 1.5%) and 38.9 nm (IPPVP 2%). The
crystallinity and crystallite size of the perovskite decreased with the addition of PVP
and was found to be minimum in IPPVP 2%. Moreover, by the addition of PVP the
intensity of the peaks at 14.7° and 29.7° significantly decreased while the intensity of
the peak at 20.9° increased indicating that the interaction of PVP and perovskite resulted

in an ordered arrangement of perovskite crystal.
3.3.3. UV-Visible Absorption and SEM Studies

The UV-Vis absorption spectra of pristine and PVP-incorporated perovskite films were
investigated to analyze their light absorption ability and the corresponding absorbance
spectra are shown in Fig. 3.32(a). All perovskites (pristine and PVP-incorporated) have
a comparable absorption edge with an absorption peak around 640 nm demonstrating

the negligible effect of PVP on perovskite's electrical structure. This outcome is
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understandable because PVP, being a non-conjugated polymer, does not exhibit
absorption in the visible region. While the absorption of the PVP-incorporated
perovskite is higher which is due to the increase in the thickness of the perovskite film
with the addition of PVP as PVP addition increases the viscosity of perovskite precursor
solution. The corresponding bandgaps of the pristine and PVP-incorporated perovskite
films (Fig. 3.32(b)) showed slight variation, indicating the negligible effect of PVP on
the optical bandgap.

Figure 3.32: (a) UV-Visible absorption spectra. (b) Optical band gap spectra of IP
and PVP incorporated perovskite thin films.

Top-view SEM images were used to study the surface morphology of IP and IPPVP
perovskite films. As given in section 3.1.1 Fig. 3.4(a) the IP perovskite film showed
compact morphology with irregular grains while in the case of PVP-incorporated
perovskite Fig. 3.33(a and b) the grain size enlarged. However, the gaps between grains
appeared to be visible and can be increased by further increasing the amount of PVP.
It can cause undesirable interfacial charge recombination, and an increased number of
shunting paths, leading to inferior photovoltaic performance of PSC. Additionally, the
conductivity of PVP is poor,'®” so the higher concentration of PVP can damage the

charge carrier mobility inside the perovskite layer and impair the performance of PSC.

Thus IPPVP 1.5% was selected for device fabrication to provide a trade-off between
phase stability and efficiency. Fig. 3.33(c and d) displayed the top and side view SEM
image of IPPVP 1.5% on ZnO nanorods. Side view SEM images showed that perovskite
film is thick enough to cover the ZnO nanorods which is important for the efficient
operation of PSC. Moreover, EDX mapping Fig. 3.33(e) confirmed the presence and

uniform distribution of PVP within the perovskite layer.
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Figure 3.33: Top view SEM images on glass/ITO substrate (a) IPPVP 1.5% (b)
IPPVP 2%. (c) Top view and (d) Side view SEM image of IPPVP 1.5% on
PET/ITO/ZnO nanorods. (¢) EDX elemental mapping of IPPVP 1.5% perovskite
film on glass/ITO substrate.

3.3.4. X-ray Photoelectron Spectroscopic (XPS) Analysis

To further understand the effect of PVP on the chemical environment of perovskite the
XPS analysis was carried out and the resultant spectra are shown in Fig. 3.34. The
corresponding survey spectrum is shown in Fig. 3.34(a) which showed all the
characteristic peaks of Cs 3d, Pb 4f, I 3d and Br 3d confirming the composition of the
IP perovskite films. However, the appearance of the N 1s, along with higher intensity
C and O 1s signals in the IPPVP perovskite film indicated the presence of PVP.
Additionally, the C 1s spectrum (Fig. 3.34(h)) of IPPVP showed clear signals of N-C
and O=C further confirming the existence of PVP in the final perovskite. Meanwhile,
owing to the electron-donating properties of the C=0 groups of PVP, the XPS peaks of
Pb 4fs, and 4f7 slightly shifted toward lower binding energy demonstrating the
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interaction between uncoordinated Pb** ions and PVP, which are often recognized as

recombination sites. 818

Figure 3.34: (a) XPS survey spectra of IP and IPPVP 1.5% perovskite thin films,
(b) N 1s, (¢) O 1s, (d) Pb 41, (e) Cs 3d, (f) 1 3d, (g) Br 3d and (h) C 1s spectra.

In addition, the XPS peaks of Cs 3d, I 3d and Br 3d also showed similar pattern, again
confirming the chemical interaction between PVP and the perovskite lattice instead of

being physically adsorbed on the surface.
3.3.5. Hybrid Device Performance

The hybrid device was fabricated with the architecture of PET/ITO/ZnO
nanorods/IPPVP 1.5%/spiro/Au shown in Fig. 3.35(a). To operate the hybrid system,
we tested the PSC and PENG separately. The characteristic J-V curves of the fabricated
device are shown in Fig. 3.35(b).
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The photovoltaic parameters calculated from J-V curve showed that the device achieved
a PCE of 2.27%, with a Jsc of 12.6 mA/cm?, a Voc of 0.69 V and a FF of 0.26 in the
forward scan and a PCE of 2.32% with a Jsc of 12.9 mA/cm?, a Voc of 0.69 V, and a
FF of 0.26 in the reverse scan with negligible hysteresis. Moreover, the device exhibited
a Rsof 53.7 and 49.5 Ohm/cm? in the forward and reverse scan respectively. This high

value of Rs is responsible for low FF of the device as shown by J-V curve.

Figure 3.35: (a) Architecture of the fabricated hybrid device. (b) J-V curves of the
PSC (active area of 0.25 cm?) measured under 1 Sun (100 mW/cm?) illumination.

The performance of the PENG was measured using a permanent magnetic shaker (Fig.
3.36(a)), by employing a mass-spring system to apply controlled and repeatable strain
to the device. The nanogenerator was affixed to a metal cantilever having a tip mass of
30 g, operating at different resonant frequencies. Fig. 3.36(b) showed the fabricated
device tested at frequencies ranging from 27 to 33 Hz. These results indicated that with
the increase in shaking frequency the output voltage of the device also increases. This
aligns with expectations for a cantilever system, as it reaches to its resonant frequency.
At this point, significantly higher displacements and strains are observed, leading to
enhanced performance of the nanogenerator. The nanogenerator signal at the resonant
frequency of 31 Hz is displayed in Fig. 3.36(c). Under this condition the PENG
exhibited an open circuit voltage vary between 1.4V to -1.5V. This observation
confirms the successful mechanical energy harvesting ability of the fabricated device.
When the nanogenerator was bent, the strain was induced along the ZnO nanorods,
resulting in the piezoelectric effect and subsequent charge displacement, ultimately
leading to the measured voltage. However, once the charge was fully screened, the net

surface charge diminished.'”’
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Chapter 3 Results and discussion

Furthermore, to test the practical implementation of the harvested energy the device
was connected to external resistive loads (100 Q to 10 MQ) to measure the maximum
output power. Fig. 3.36(d) showed the output power of this device under shaking and
tapping mode (to further investigate the effect of impacting force the same device was
tested by tapping the device with insulating material along with shaking) and produced
a maximum output power of 0.35 pW/cm? for shaking and 0.79 uW for tapping at
10 and 9 MQ resistance respectively at a resonant frequency of 31Hz. These results

showed that output power increases as the impacting force increases.

Figure 3.36: (a) Magnetic shaker to test PENG performance. (b) Voltage-time scan
of PENG nanogenerator by shaking at 27 Hz, 30 Hz and 33 Hz. (¢) Voltage-time
scan of PENG by shaking at 31 Hz on a cantilever. (d) The output power of device
shaking and shaking + tapping at 31 Hz.

In summary, we have developed a PSC/PENG hybrid system in a single device
and demonstrated their use in solar and mechanical energy conversion for sustainable
energy harvesting. Thus, this work presents an important accomplishment in the field
of renewable energy generation by successfully combining PSC/PENG hybrid systems

in a single device.
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Conclusions

Organic-inorganic hybrid lead halide perovskite solar cells have amassed immense
research attention among photovoltaic technologies. However, the poor thermal
stability of their volatile organic cations becomes a major obstacle to their
commercialization. Recent research proposes that by utilizing inorganic cations such as
Cs" to replace volatile organic ions, the environmental tolerance of PSCs can be
enhanced. Thus, among Cs based perovskites CsPbloBr perovskite offers a tradeoff
between light absorption and phase stability and has been regarded as the most practical
photoactive absorber material. In this work, we have demonstrated different strategies
to improve the stability and performance of CsPbloBr based PSCs. The results are

summarized as follows:

In the first section, the effect of change in the stoichiometry of CsPbl>Br perovskite on
device performance and stability was investigated by employing both stoichiometric
and non-stoichiometric perovskite as absorber layer in PSC. The non-stoichiometric
perovskite exhibited enhanced stability and more favorable energetics for charge
extraction, lower non-radiative recombination, and better photovoltaic characteristics
than its stoichiometric counterpart. The performance of non-stoichiometric devices was
further improved by the optimization of charge transport layers. Comparing the
performance of devices, it was observed that devices fabricated with solution-processed
NiOyx outperformed those with sputtered NiOx films. Additionally, on the ETL side, the
20 nm Cso demonstrated to be capable of effectively enhancing charge extraction and
reducing leakage loss. This led to an optimum champion device that showed a PCE of

7.5% with a Voc of 1.02 V, Jsc of 12.7 mA/cm? and a FF of 0.58.

Afterward B-site doping strategy was used to improve the PCE of non-stoichiometric
perovskite based PSCs. For that, an appropriate amount of CuBr; salt was directly
added to the non-stoichiometric CsPb;.xI>.xBr perovskite precursor solution. As the
ionic radius of Cu?* (0.72 A) is shorter than that of Pb** (1.19 A), so it can partially
replace the Pb*" ions in the crystal lattice of CsPb;.xI>-xBr perovskite and can enhance
formation energy. The structural, photophysical and morphological analysis confirmed
the presence of Cu?" and demonstrated that an optimal amount of Cu** can enhance the
optoelectronic properties, reduce the defects and trap states in perovskite film thus

aiding charge separation and preventing undesirable charge carrier recombination.
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Conclusions

Advancing from the merits discussed earlier, a maximum PCE of 8.4% was obtained
with an [PCu-based device. Thus, this work offers an effective strategy to improve the

performance of PSCs and open up a new route for the fabrication of efficient PSCs.

In the second section, surface treatment of CsPbl>Br perovskite was done by using two
different strategies. One was the surface treatment of the CsPbI,Br perovskite film with
green solvent isopropanol (IPA) while another was the defect post-passivation via
Lewis acid base passivation method using amine-based passivation material. The IPA
treated CsPbloBr absorber layer showed reduced defect density and, has energetically
more favorable energy level alignment with the Cso ETL which enables the efficient
charge transfer and mitigates the energy loss at the interface of CsPblaBr/Ceo. The
resultant PSC led to a 30% improvement in the photovoltaic performance with a
maximum PCE of 10%. In addition, the devices exhibited reduced hysteresis and good

stability without any sign of degradation for 160 hours.

In case of Lewis acid base passivation, the simplest amine based passivated material
EDA was used which formed a bond with uncoordinated lead atoms of CsPbl>Br
perovskite by its nitrogen atoms. This passivation neutralized charge, reduced the
surface trap states and prolonged the charge carrier lifetime within the PSC.
Additionally, EDA passivation also shifted the perovskite layer energy band edge in the
positive direction thus facilitating the interfacial hole transfer. Consequently, the PSCs
fabricated with EDA passivation exhibited significantly improved Voc and FF and a
champion PCE of 9.4%, higher than that of reference device (7.3%) under 100 mWcm"
2 illumination. As a result, this study offers an effective strategy to fabricate high-quality
CsPbl»Br films that can be employed not only in PSCs but also for other optoelectronic

devices.

In the third section, a PSC/PENG hybrid system was developed in a single device
and demonstrated their use in solar and mechanical energy conversion for sustainable
energy harvesting. A normal device with an architecture of PET/ITO/ZnO
nanorods/IPPVP/spiro-OMeTAD/Au was selected where the perovskite absorber layer
(IPPVP) absorbed the solar energy and the piezoelectric nature of ZnO nanorods acted
as a mechanical energy harvester unit. For a single PSC unit, a Voc of 0.69 V and a Jsc
of 12.91 mA cm was achieved, corresponding to an overall PCE of 2.31%. The PENG
can take advantage of different motions, to deliver an output power of up to 0.79 pW.

Thus, this study presents a significant achievement in the realm of renewable energy
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Conclusions

generation by successfully integrating PSC/PENG hybrid systems into a single device.

This groundbreaking development paves the way for scaling up renewable energy

production, even in varying weather conditions. Furthermore, these results suggest a

new pathway for the development of cost-effective and high-performance flexible

optoelectronic devices.

Future Recommendations

Based on the findings and limitations identified in this research, the following future

recommendations are proposed to further advance the field of inorganic perovskite

based PSCs.

>

Modification of the perovskite layer through doping or partial incorporation of
metal ions that can enhance the intrinsic stability to withstand worse
environmental conditions.

Fabrication of perovskite layer by antisolvent methods using green anti-solvents
that will improve the perovskite layer crystallization through -efficient
evaporation of solvent. As a result, larger grain size with reduced defect states
can be obtained.

Interface engineering for efficient charge transport through different interfaces
can also be done either using suitable modifiers or introducing inexpensive
inorganic CTLs, or alloying them for better energy-level alignment.

Despite significant advancement in all-inorganic PSCs, there are still few
reports on flexible and large area all-inorganic PSCs, so this research domain
can also be investigated.

Use of different modifiers and perovskite material in hybrid energy harvester to

further improve the performance of hybrid harvester devices.
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